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Introduction

Over the past half-century, information technology has become the infrastructure of technological
innovation across disciplines.!*2 It has enabled unprecedented progress in fundamental and applied
research, driving development of cutting-edge technologies as well as many of the everyday conveniences
that characterize modern life—most recently complemented by the emergence of powerful Al tools.2™
The world’s first program-controlled digital computer, the Z3, was conceptually developed by Konrad
Zuse, and realized in the year 1941, however, the electromechanical architecture was large, power-
hungry, and very slow.>® The subsequent development of the point-contact transistor by Bardeen
and Brattain at Bell Labs in 1948 marked a key inflection point toward modern computing, providing
a compact solid-state switch and amplifier that enabled scalable electronic logic.?>1? Although early
transistorized computers delivered substantial gains in scaling, energy-efficiency, and a clock-speed
increase of many orders of magnitude, these machines remained relatively large.'''1? The key milestone
enabling dense, energy-efficient logic for small-form-factor integrated circuits in the modern sense was
catalyzed by the development of the MOSFET (metal-oxide-semiconductor field-effect transistor) by
Atalla and Kahng at Bell Labs in 1959.13716

Since then, advances in manufacturing have steadily pushed transistor scaling closer toward fun-
damental physical limits in pursuit of Moore’s “law”.17 2! At today’s dimensions and integration
densities, high-speed operation is increasingly constrained by power dissipation and thermal manage-
ment, and also by signal integrity.?> 24 Heat generation arises primarily from dynamic charging and
discharging of gate and interconnect capacitances, as well as from leakage and resistive losses.?% 26
Moreover, parasitic coupling between neighboring devices and interconnects leads to crosstalk and
cell-to-cell interference in dense logic and memory.2” 2 These effects limit reliable high-speed opera-
tion and motivate device concepts that reduce energy consumption, mitigate heating, and improve
scalability at high packing density by reducing cross-talk.

Taken together, these power, thermal, and signal-integrity constraints increasingly limit further
gains from conventional charge-based scaling, especially as the energy cost and latency of moving
data between memory and compute also become system-level bottlenecks.?%:3" This drives interest in
architectures that co-locate memory and logic and utilize alternative state variables such as electron
spin.?2734 In this context, atomically thin magnetic two-dimensional (2D) materials are promising
building blocks for scalable, non-volatile spintronic functionality, while their van der Waals (vdW)
nature enables layer-by-layer assembly into three-dimensional vertical stacks with ultrathin active
regions.?> 37 Furthermore, stacking dissimilar 2D crystals into vdW heterostructures provides a
modular route to combine electronic, optical, and magnetic functionalities within a single device
element, allowing the properties of each constituent to be leveraged and thereby strongly motivating
exploration of 2D materials, vdW heterostructures, and in particular the control of magnetism in the
2D limit.37 40

Magnetism in 2D materials is commonly characterized using a complementary set of experimental
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platforms.3%36:41 Bulk vibrating SQUID magnetometry (SQUID-VSM) measures sample-averaged
magnetization as a function of field and temperature, enabling extraction of hysteresis parameters and

magnetic ordering temperatures.#?43 Magneto-optical probes such as Kerr rotation (MOKE),* 46

46,47 among others, provide sensitive optical readout of magnetic

magnetic circular dichroism (MCD),
order and, in microscopic implementations, domain-resolved imaging.*® In device geometries, electri-
cal transport—most notably the anomalous Hall effect and magnetoresistance—connect magnetic
switching to an electrical signal.*%°° To resolve spatial inhomogeneity and magnetic microstruc-
ture, local scanning-probe techniques—in particular scanning NV-magnetometry (SNVM),46:51,52
scanning SQUID microscopy (SOT?3 57 /SOL?® ¢0) and (nanowire) magnetic force microscopy ((NW)-
MFM)6166—are widely used to image domains, stray fields, and emergent textures.%”

Dynamic torque magnetometry—best known as dynamic cantilever magnetometry (DCM)—is
broadband and can access both magnetostatic effects and magnetization dynamics, including spin
resonance and relaxation processes.%® 7! It offers excellent sensitivity for probing hysteresis, anisotropy
energy, and phase transitions, and is particularly suited for the investigation of nanometer-scale
magnets as has been demonstrated for nanowires,”? nanotubes,”® 7374 thin films,” and mesocrystals.”®
In 2D systems, however, the magnetic volume becomes vanishingly small, such that signal-to-
background constraints—and the need for accurate quantitative extraction of these properties—
motivate the development of improved micro- and nanomechanical resonators for ultrasensitive
dynamic torque measurements.

For a nanomechanical resonator, the smallest detectable torque in a thermomechanically limited
measurement is set by its geometry (inertia and stiffness), mechanical dissipation, and temperature.””
The noise floor is set by two fundamental effects: thermal fluctuations, which randomly perturb
the resonator motion, and mechanical losses, which drain vibrational energy and limit how sharply
the device responds.” 7 Because these thermal fluctuations and dissipative losses are inherently
linked, reducing mechanical losses directly improves sensitivity. Therefore, sensitivity of a mechanical
transducer can be improved by reducing its size and defect-density, and by suppressing radiation
of elastic energy to the surrounding substrate via the supports.””8%81 A particularly effective
strategy to prevent acoustic radiation of energy is to embed the resonator in a phononic crystal
(PnC)—a microstructured region engineered to inhibit the propagation of elastic waves in a targeted
frequency range—thereby providing strong acoustic isolation and enhancing the resonator’s quality
factor.8278% Importantly, the PnC architecture incorporates the possibility to integrate electrical
contacts to the sample, a capability which has been challenging with the most sensitive cantilever-
based torque transducers used in DCM.%6 Together, improved mechanical sensitivity and the ability to
electrically contact the sample are envisioned to enable a broad range of new experiments, including
the detection of superconducting and magnetic phase transitions in atomically thin 2D crystals and
vdW heterostructures.3% 87,88

In this thesis, we develop, fabricate, and characterize nanomechanical torsional and flexural res-
onators based on non-stoichiometric amorphous silicon nitride. By reducing the resonator dimensions
and embedding the devices as defect modes within a PnC structure, we aim to suppress mechanical
dissipation and thereby address key challenges in ultrasensitive torque sensing of vdW crystal in the
2D limit.

This thesis is structured as follows:

Chapter 2 introduces the background relevant to this thesis. It begins by outlining the theoretical
concepts that govern the mechanical properties of micro- and nanomechanical resonators, then
introduces magnetism at the nanoscale, and concludes by describing dynamic torque magnetometry
as a probe for nanomagnets.

Chapter 3 describes the design and fabrication of torque transducers, including plain torsional
resonators in unstructured membranes as well as torsional and flexural resonators embedded in PnC
patterned membranes. Simulations are used to optimize the PnC and defect design such that the
fundamental defect-mode resonances lie within the phononic band gap. In addition, we employ the
widely used micromechanical cleavage method to exfoliate magnetic 2D materials, establishing in our



group first-hand experience with the fabrication of ultrathin, air-sensitive samples near the ultimate
2D limit, including few-layer flakes down to the bilayer.

Chapter 4 present the characterization of the mechanical properties of the fabricated transducers,
and assesses their dynamic torque sensing performance using our custom-built DCM setup. By
comparing the dissipation of plain devices with that of devices acoustically isolated by a PnC, we
identify the dominant mechanical loss channels that limit the minimal detectable torque.

Chapter 5 demonstrates DCM as a tool to study a single Magnetospirillum gryphiswaldense cell to
probe the magnetic properties of its nanomagnets. Use a commercially available SiN cantilever, we
perform rotation and hysteresis measurements. By combining ultrasensitive torque magnetometry
with transmission electron microscopy and micromagnetic simulations, we determine the magnetic
moment of an individual bacterium, its saturation magnetization, and its effective easy-axis anisotropy.

Lastly, Chapter 6 concludes by summarizing the results presented in Ch. 3 to 5 and discussing
future prospects toward realizing dynamic torque magnetometry of ultrathin magnetic 2D materials
and vdW heterostructures.






Background

This chapter establishes the physical background for using nanomechanical resonators to probe
magnetism in nano- to micrometer-scale magnets. It begins with a description of micro- and
nanomechanical resonators in Sec.2.1, emphasizing the mechanical figures of merit—resonance
frequency, dissipation, and quality factor—that ultimately set the torque sensitivity. It then reviews
magnetism in nano- to micrometer-sized objects in Sec. 2.2, and concludes by introducing the central
ideas of dynamic torque magnetometry in Sec. 2.3, which relates magnetic torque in an applied field
to a measurable shift of the resonance frequency.

2.1 Nanomechanical resonators

Mechanical detection of the minute magnetic moment of a micro- or nanoscale magnet requires an
ultrasensitive mechanical resonator. As discussed in Sec. 2.3, dynamic torque magnetometry senses
magnetic moments by measuring the torque-induced shift of a resonator’s eigenfrequency when a
magnet is attached to the resonator. This frequency shift is determined by the magnetic torque acting
on the magnet-resonator assembly in response to an externally applied magnetic field. Since this
thesis focuses on the development and characterization of double-clamped resonators, the following
discussion concentrates on this device architecture and on the fundamental mechanical properties
that ultimately determine the achievable torque sensitivity.

This section first introduces the key mechanical properties of nanomechanical resonators for
magnetic torque sensing: the mechanical resonance frequency in Sec.2.1.1, the mechanical quality
factor @ and dissipation in Sec.2.1.2, and the thermal torque sensing limit in Sec.2.1.3. It then
discusses mechanical dissipation mechanisms under cryogenic, high-vacuum conditions in Sec. 2.1.4.
Finally, more advanced concepts—including phononic-crystal (PnC) engineering, dissipation dilution,
and soft clamping—are introduced in Sec. 2.1.5.

2.1.1 Mechanical resonance frequency

Micro- and nanomechanical resonators sustain a discrete set of normal modes whose eigenfrequencies
are set by the device geometry, boundary conditions, and material parameters. The fundamental
frequency fo is the lowest nonzero resonance frequency of the structure and it also sets the baseline for
transduction bandwidth and quality-factor engineering in sensing applications.””*8%90 For cantilevers
and double-clamped torsional devices with a central platform, two modal families are especially
important: flexural (transverse) bending and torsional twisting about the long axis. In what follows,
we derive (i) the fundamental frequency for the torsional mode of a double-clamped beam that carries
a central platform, i.e. a torsional paddle, and (ii) the flexural modes of a uniform cantilever.
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Figure 2.1: A torsional resonator in the shape of a double-clamped torsional paddle. (a) Lateral
device dimensions. (b) 3D model of the fundamental torsional mode of a paddle microbridge. (c) Angular
displacement of the paddle cross-section at midline (y = Iy, + 1/2).

Torsional vibration of a paddle resonator

In the continuum description, torsional vibrations of a slender prismatic bar can be formulated
in the Saint-Venant framework.”! This framework provides two important ingredients by which
the torsion problem of a solid body can be simplified: (i) The Saint-Venant principle states that,
far from the load application region, the stress/strain field generated by two statically equivalent
loadings is governed only by the resultant net force and net moment, and not by the detailed traction
distribution.”? (ii) The Saint-Venant bar theory reduces the three-dimensional elasticity problem to
a two-dimensional cross-section problem, for example via the Prandtl stress function.”® For static,
linear elastic Saint-Venant torsion, the Prandtl stress function ¢(z, z) is a scalar stress potential
defined on the cross-section of area A such that it encodes the shear-stress field, and the net torque
follows from 7 = 2 [ 4 ¢@dA (for a simply connected cross-section).”?93 The Saint-Venant torsion
constant Jr is a geometric factor that links torque to twist rate along the torsion axis by 7 = GJr#’,
and is obtained as Jr = % f PRC dA. For a uniform bar this leads to the dynamic one-dimensional
torsional wave equation 2g o6
plp% - GJT(?T/? =0, (2.1)
where 6(y, t) is the twist angle, GJr(y) the torsional stiffness with G, the shear modulus, and pI,(y)
the polar mass moment of inertia per unit length given by mass density p times the polar second
moment of area I, for rotation about the y axis, in accordance with the coordinate system defined
in Fig.2.1.9%9 For uniform cross-sections, .Jr is known in closed form for only a few shapes. For
non-uniform or composite cross-sections, and in particular for the torsional paddle geometry with
strongly varying and discontinuous width studied in this work, the Saint-Venant problem becomes a
piecewise three-dimensional elasticity problem and solving it typically requires numerical or finite-
element methods.?® 7 In resonant sensing applications one is, however, almost exclusively interested
in the fundamental mode. In that regime, energy methods provide an efficient alternative to solving
Eq. (2.1) directly. Castigliano’s displacement theorem allows one to compute torsional stiffness from
strain energy, while Rayleigh’s method yields an approximate fundamental frequency by equating
maximum potential and kinetic energies for an assumed mode shape.?!'?® These approaches can be
combined into a fully compliant, yet lumped-parameter description of torsion-paddle microresonators.
Consider a torsional paddle microbridge as sketched in Fig. 2.1a which is composed of three beam-
like segments with uniform thickness d and spatially varying width w(y), defining the two distally
clamped bridge segments and the central suspended paddle. The torsional compliance of a single
uniform segment of length [ is given by fol 1/(GJr)dy, i.e., by integrating the local compliance along
the segment axis. For a thin rectangular cross-section with d < w, the Saint-Venant torsion constant
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is well approximated by Jr ~ wd3( —0.634 ) and the effective torsional compliance C, 1/2 et Of half
a torsional paddle microbridge with length L / 2 = I, + /2 follows from Castigliano’s theorem as!%?

L/2 lp/2
1 dy 1 1

1
— = |dy+—---— [ d
GJ )~ G 033wb—021d/ er033wp—021d/ Y

Crrtit = (2.2)

For a complete torsional paddle, the effective torsional stiffness seen at the paddle center is then
obtained by combining two lumped half-bridge segments in series leading to'%°

2 4Gd*(0.33w;, — 0.21d)(0.33w, — 0.21d)
Chall ™ 0.33(2lpwy + Lywy) — 0.21d (21, + 1)

kieg = (2.3)

To capture the dynamics, the distributed torsional inertia is represented by an energy-equivalent
moment of inertia. Imposing harmonic solutions of the form O(y,t) = 0(t)q(y) with 0(t) = e~**, the
distributed kinetic energy can be related to the lumped model as

L

L
1 : 1. 1.
Eyin = 5 /pfp(y) Oy, 1)’ dy = 592/%(96) ¢*(x)dy = §Jeff927 (2.4)
0

0

which defines the effective moment of inertia about the torsional axis, Jog. Following Lobontiu,%°
q(y) is chosen as a low-order polynomial that satisfies the fixed—fixed boundary conditions and the
symmetry of the paddle structure, for example a parabolic shape

dy(L —y)

2 with 0<y <L =2l +]1p, (2.5)

q(y) =
which vanishes at the clamps, is smooth, and reaches unity at the center of the paddle. Rayleigh’s
principle ensures that the fundamental torsional frequency obtained with such an admissible ¢(y) is
an upper bound to the true fundamental frequency of the continuous system.?!: 101

For thin rectangular cross-sections one may write I, = - (w®d + wd?) which in combination with
Eq. (2.4) and (2.5) yields the effective moment of inertia

L
/ (y) + w(z)d?] dy
0

2pd
452, + 1p)*

eff*

S\R

{2lbwb(wb + d*)(1613 + 2511, + 1017) (2.6)

+ Lyw, (w2 4 d?) (3004 + 60131, + 400212 + 100,13 + 1) |

Combining the effective stiffness Eq.(2.2) and inertia Eq. (2.6) yields the fundamental torsional
angular frequency of a torsional paddle as

kt,cﬁ'
)
Jeff

Wwg.0 ~ (27)
which incorporates the full compliance and inertia of both bridge segments and the paddle. This
fully compliant, energy-based lumped model provides accurate estimates of the fundamental torsional
resonance for typical paddle geometries, without the need to solve the Saint-Venant partial differential
equation for torsion Eq. (2.1).
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Jo(X)
0.

Figure 2.2: A uniform cantilever. Fundamental flexural mode, showing an angular deflection 6. of the
free end and transverse displacement go(x) in the z-direction.

Flexural vibration of a cantilever

The flexural dynamics of prismatic beams is governed by the Euler—-Bernoulli beam model. For a
prismatic beam of length L the flexural displacement wu(z,t) obeys

4 2
EIa u(z, t) n Aa u(z,t)

o P 0 28)

where FE is the Young’s modulus, I the second moment of area, p the mass density, and A the cross-
sectional area.8? The solutions for cantilevers as depicted in Fig. 2.2 are found up to a normalization
factor C,, as

gn(z) = Cy {( cosh B,z — cos Bna}) — ay, ( sinh 8,z — sin ﬂnx)} , (2.9)

ENE

2
. Aw cosh B, L+cos B, L P .
with g = (LE 7 ) and o, = Ao T S rsm AL The characteristic wavenumbers 3,, must satisfy

cosh(8,L)cos(B,L)+1 =0 (2.10)

which has the first three roots 8,L = {1.8751, 4.6941, 7.8548, ...}. The corresponding flexural

angular eigenfrequencies are
|ET
2
Wy, = . 2.11

These standard solutions provide the usual expressions for eigenfrequencies, mode shapes, and derived
quantities including effective mass meg and spring constants. Since the mechanics of cantilevers has
been treated extensively in the theoretical and experimental literature, we omit the full derivation
and refer the reader to standard references.””>8%91-93,102

Damped harmonic oscillator

Once the effective spring parameters have been determined for a given the torsional mode of a
double-clamped torsional paddle or a flexural mode of a cantilever, their time-dependent motion can
be described using the well-known framework of the classical damped harmonic oscillator according to

Jeﬁ,ngn(t) + Jeﬁ,nrm,nén(t) + Jeﬁ”,nw%en(t) = Oa (212)

and
Met,n2n () + Mo, nLm nén(t) + meﬁ,nwizn(t) =0, (2.13)

for a torsional and a flexural resonator, respectively, where I}, ,, denotes the mechanical damping
rate.

2.1.2 Mechanical dissipation and quality factor

Mechanical nano- and micro-resonators are key elements in sensing, signal processing and experiments
at the quantum—classical boundary. By putting them in a controlled environment in high-vacuum
(p < 10~%mbar) and cryogenic conditions at few kelvin, their performance is often limited not by
external noise, but by intrinsic mechanical dissipation that sets the thermal noise floor and bounds
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the achievable coherence time.®? 193 This property is guided by the mechanical damping rate I}, of a
mechanical resonator and the corresponding quality factor Q.

Quality factor and dissipation

For an under-damped mechanical mode n with angular resonance frequency w,, the quality factor
Q@ is defined as the ratio of energy stored to the energy lost per oscillation cycle,
total energy stored Uiot

=2 2.14
71-energy lost /cycle of mode n WAUn’ ( )

QTLEZ

where Upot is the maximum strain energy stored in the mode of an elastic material and AU, is the

energy dissipated in one oscillation cycle of mode n.8%194 Equivalently, the mode amplitude of a
weakly damped resonator decays exponentially as’® 104
T, nt
0,(t) x e~ "2 cos(wnt), (2.15)
the stored energy decays as U(t) o< e Imn? and one finds Q,, = 2. In the framework of the parallel
loss model, the total quality factor of a mechanical mode can be written as
Qi =>_ Q" (2.16)
i

where > Q;l collects all dissipative contributions acting on the mechanical resonator.!%3

The quality factor @, directly controls the thermal torque noise of the mode. For a linear torsional
mode coupled to a thermal bath at finite temperature T, the single-sided thermal torque noise spectral
density is7® 103

w
S = AkpT Jen T = 4kpT Jomrn Q—" (2.17)

n
Thus, decreasing 1Y, , lowers the thermal torque noise floor and thereby improves the minimum
detectable torque signal, making high-(Q) resonators particularly advantageous for sensing'®® and also

for approaching the quantum limit.'%6-108

Complex stiffness and mechanical loss angle

Mechanical dissipation can be described by allowing the elastic moduli (or spring constants) to
become complex. For a simple mechanical spring element with conservative stiffness x’ and a lossy
stiffness ", one can formulate the complex shear modulus

K (w) =K' (W) +i k" (w) = ' (w) [1 + i ¢p(w)], (2.18)

where ¢, (w) is the mechanical loss angle which quantifies the phase lag between stress and strain
in the material under cyclic loading.'%® ' For homogeneous, frequency-independent structural
damping, i.e. ¢, < 1 the quality factor is simply the inverse of the loss angle following™® 119

= tan(én) =~ ¢n - (2.19)

For extended structures with spatially varying strain, the total modal loss angle is a strain-energy-
weighted average of the local loss angle ¢, (r) which follows

O (1) Uel  (r) AV

/ Uel,n (r) AV

Prot,n = ; (2.20)

where e, (r) is the local elastic energy density.'%% 112 This framework connects localized high-loss
regions, as e.g. surfaces, clamps, and coatings to the global quality factor.
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2.1.3 Torque sensitivity for a torsional mode

As a mechanical torque transducer is not an isolated system, it couples mechanically to the environment.
Despite operation at low temperature of only few Kelvin and in high-vacuum, thermal fluctuations
occur. These are caused by phonons which couple from the substrate via the anchors, and to a minor
degree by random collisions of gas molecules with the resonator under high-vacuum conditions. Thus,
even when the mechanical motion is not actively driven, the torsional paddle is subject to random
thermal forces/torques which displace it from the resting position while in thermal equilibrium with a
bath at finite temperature T'. For a thermally limited classical force or torque sensing experiment, the
minimum observable signal is entirely governed by such thermomechanical noise. In-depth discussions
of mechanical force and torque detection—including mechanical susceptibility, thermal force/torque
noise, and force/torque sensitivity—can be found in the scientific literature.””>102,113-116

Adapting these concepts to torque sensing using the fundamental torsional mode, the single-sided
torque noise power spectral density (PSD) can be expressed as

S™ (W) = 4kpT JegT (2.21)

where kp denotes Boltzmann’s constant and I, represents the mechanical damping rate. Mechanical
dissipation is mode-dependent and a function of the mode’s frequency w,,, the effective moment of
inertia Jofr, and quality factor ). As a consequence, the measured signal power P(wy) is composed of
the torque of interest 7; and the torque noise according to

P(wa) = [x(wa) "ty - BW + [x(wa) "3 (2.22)

where x(wq) denotes the resonator’s mechanical susceptibility to a monochromatic torque signal at
frequency wg, and BW is the measurement bandwidth centered around wy. The standard definition of
the signal-to-noise power ratio (SNR) of a torque signal is given by SNR = 72/(S! . BW). Employing
the conventional limit condition for detection of a signal, i.e. SNR = 1, and under the assumption
that the SNR is independent of the driving frequency, the minimum detectable torque is

Toin BW = /S8 - BW = \/4kpT JogTy - BW . (2.23)

Correspondingly, a torsional resonator’s thermomechanically limited torque sensitivity can be expressed
in a generalized form independently from the resolution bandwidth, and thereby, also from the

integration time as

Tt = \/ S = \/AkpT Joglm = 4kBTJeff% (2.24)

in units of Nm/+v/Hz.

2.1.4 Mechanical dissipation mechanisms

Mechanical dissipation in nano- and micro-resonators arises from several types of mechanisms:
(i) Internal (volume and surface) losses

(ii) Clamping/anchor and radiative (phonon-tunneling) losses

(iii) Thermoelastic damping

(iv) Fluidic (gas) damping

)
)
)
(v) Extrinsic losses associated with actuation/readout and surrounding circuitry

(vi) Nonlinear and amplitude-dependent damping

Systematic surveys for NEMS/MEMS consistently find that in high-vacuum and at cryogenic temper-
atures internal and anchor-related losses dominate, while gas and thermoelastic damping are strongly
suppressed.30: 103,104,117 Ty the following, the loss mechanisms listed above are introduced and their
relevance at cryogenic high-vacuum conditions is assessed.
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(i) Internal (volume and surface) losses

Bulk internal friction is associated with anelastic relaxation of defects, dislocations, impurities, and
phonon—phonon interactions in the resonator material. Classical anelasticity theory (Zener model)
describes these processes as ensembles of relaxation modes with characteristic relaxation times 7,

leading to frequency- and temperature-dependent loss peaks of the form3? 110,111,118

wT

P(w) x m, (2.25)
with w being the angular frequency. In crystalline materials, phonon—phonon scattering and defect
motion dominate at elevated temperatures, whereas at cryogenic temperatures tunneling two-level
systems (TLS) and impurity-related processes become important, especially in amorphous or partially
disordered materials such as non-stoichiometric SiN.103, 119

Nano- and micro-resonators exhibit large surface-to-volume ratios, so dissipation associated with
surface oxides, adsorbates, dangling bonds, and near-surface damage Qs_ulrf can outweigh bulk (volume)
losses ngll. Experimentally, the internal loss of thin pre-stressed silicon nitride resonator scales

approximately with inverse thickness d and surface loss parameter 8 according to

Qint = Qral + Que ® Qo + %, (2.26)
consistent with a thin lossy surface layer of fixed thickness.!?% 17 For Si3N, resonators, a systematic
analysis of beams, strings and membranes showed that surface loss is a ubiquitous limiting mechanism
in thin devices with a nearly universal surface-Q) proportional to thickness.

At cryogenic temperatures of few kelvin, bulk thermo-activated processes are strongly suppressed,
but TLS-related and surface-related losses typically remain significant and often determine the observed
quality factor.'03:104 At cryogenic and high-vacuum conditions, dissipation due to interaction with
the environment is strongly suppressed, such that internal, i.e. volume and surface, dissipation is
expected to be one of the dominant limitations of Q.

(i) Clamping and radiative losses

Even if the material itself were perfectly elastic, energy can escape through the supports into the
substrate as elastic waves known as clamping or anchor loss. In simple terms, the vibrating resonator
shakes its anchors, launching phonons into the bulk that do not return.39-104

For nanomechanical beams and strings, the importance of anchor loss depends strongly on geometry
(aspect ratio, support shape) and acoustic mismatch between resonator and substrate. Experiments
on SiN string and beam resonators show that radiation through the supports can dominate at
high frequencies and small aspect ratios, and can be strongly reduced by engineering the clamp
geometry. 80, 117,120,121

More generally, clamping loss can be understood in terms of phonon tunneling. Mechanical energy
leaks through finite-stiffness supports into a continuum of substrate modes. Efficient numerical
methods based on this picture accurately predict design-limited ) and highlight the strong geometric
dependence of this loss channel.'?! Phononic band-gap shields and soft-clamping make use of this to
suppress support-induced radiation by many orders of magnitude.84 120,122,123

Clamping and radiative losses are largely independent of pressure and only weakly dependent
on temperature through changes in elastic constants and sound speeds. Therefore, at cryogenic
temperatures and in high-vacuum anchor loss is typically the other main competitor to internal loss,

unless it is deliberately suppressed by phononic engineering or optimized support design.

(ii) Thermoelastic damping

Thermoelastic damping (TED) arises from the coupling between elastic strain and temperature.
As regions under compression heat up, and regions under tension cool down, irreversible heat flow
between them dissipates energy.!9 111,124 For flexural modes of beams and plates, TED can often
be described by Zener’s model, in which the loss peaks when the thermal diffusion time across the
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structure matches the oscillation period.'%%124:125 For many MEMS geometries at room temperature,
TED sets an upper bound on achievable @ even for ideal crystalline materials.'% 109 However, TED
scales with the thermal expansion coefficient, specific heat and thermal conductivity, all of which
change strongly at low temperature. For common resonator materials, as e.g. Si, SiN, and SiOs,
TED decreases rapidly upon cooling and is strongly suppressed at cryogenic temperatures, especially
for sub-micron thicknesses where the relevant thermal relaxation times become much shorter than
the oscillation period.!04:109

Hence, when considering cryogenic high-vacuum conditions, TED is expected to be a minor
contribution compared to internal and clamping loss, unless a structure is unusually thick or operated
at very high frequencies.

(iii) Fluid (gas) damping

Fluid or gas damping arises from viscous and inertial forces exerted by a surrounding gas or liquid.
At moderate and high pressures, continuum hydrodynamics (Navier—Stokes) and squeeze-film models
describe the interaction, while at low pressures the gas enters the free molecular regime where
damping is governed by individual molecules impacting on the resonator.!?67129 For nanomechanical
resonators, the gas-limited quality factor scales approximately as Qgas < 1/p in the molecular flow
regime and can exceed 107-10% already at pressures of 10~% 1075 mbar, depending on geometry and
frequency.'?” 128 Analytical models based on momentum transfer agree well with experiments and
confirm that, once in the deep molecular regime and beyond gas damping is negligible.!26:130 At
cryogenic high-vacuum conditions, nano- and micro-resonators are firmly in the free molecular regime,
and therefore gas damping is extremely small. This corresponds to gas-limited quality factors far

above 102, well beyond the range set by internal and clamping losses.!26:128

(iv) Losses associated with actuation and readout

Additional mechanical dissipation can be introduced by the specific transduction scheme and sur-
rounding structures. This includes:

o Dielectric and electrostatic losses: Motion in inhomogeneous electric fields can dissipate energy

via dielectric relaxation or resistive heating in electrodes and wiring.3?>103

e Magnetomotive and eddy-current damping: In magnetic-field-based actuation, induced currents
in conductive elements dissipate energy resistively.3?

¢ Optomechanical damping: Strong optical fields can cool or amplify motion via dynamic back-
action and absorption-induced heating can introduce additional TED.84 104

These mechanisms are highly device-specific and can be relevant irrespective of cryogenic cooling
and high-vacuum. However, careful circuit and optical design usually limits their contribution below
internal and anchor losses.

(v) Nonlinear and amplitude-dependent dissipation

At large vibration amplitudes many nano- and micro-resonators exhibit nonlinear damping where
the effective loss angle ¢ and thus @ depend on oscillation amplitude.!31-134
origins include:

Proposed microscopic

e Strain-dependent TLS relaxation and saturation.
e Nonlinear coupling between modes.
¢ Amplitude-dependent surface defect motion.

¢ Geometric nonlinearities that enhance strain within lossy regions.

In some low-dimensional resonators such as carbon nanotubes and graphene membranes, nonlinear
damping can dominate over linear damping, causing the quality factor to become strongly amplitude
dependent.3!:133 Under typical small-displacement conditions used to characterize the linear response,
nonlinear damping can be neglected.
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2.1.5 Phononic band-gap engineering, dissipation dilution, and soft-clamping

In recent years, three largely complementary design tools have been established to improve the quality
factor of nano- and micromechanical resonators:

(i) Acoustic isolation via phononic band gap
(ii) Dissipation dilution via strain engineering
(iii) Soft-clamping of localized modes

In modern ultracoherent nanomechanical devices, all three strategies are applied together: high
tensile stress for dissipation dilution, phononic crystal (PnC) structures for acoustic isolation, and
soft-clamped defect modes to minimize bending and coupling at the supports. This combination
has enabled room-temperature and cryogenic quality factors approaching or exceeding 10? in the
kHz—MHz range, setting the present benchmark for low-dissipation nano- and micro-mechanical
resonators.83:84,122,123,135-138 Ty the following, these three concepts for improving the quality factor
are briefly introduced.

(i) Acoustic isolation via phononic band gap

Acoustic isolation is a design strategy that specifically targets Qclamp. By surrounding the resonator
with a periodic elastic phononic crystal (PnC) whose band structure exhibits a band gap at the
mode frequency, vibrational energy is confined to a defect region and cannot propagate into the
bulk. As a result, radiation losses are suppressed by many orders of magnitude, strongly enhancing
Qclamp — 00 in the ideal case and leaving Qin¢ as the dominant limitation. Phonon-tunneling theory
and experiments quantitatively showed how support-induced losses depend on geometry, and how
phononic engineering can strongly reduce radiation into the substrate.'?! In Si3sN; membranes,
two-dimensional PnC structures have been used to provide a phononic band gap around the mode
frequency, observing that the mechanical lifetime increases exponentially with the number of PnC
periods until internal losses become dominant and Q exceeds 10® at ~1 MHz at room temperature.®*
Similarly, MacCabe et al. realized a GHz nano-acoustic cavity with a one-dimensional phononic
band-gap structure and showed that the phonon lifetime grows exponentially with the length of the
acoustic shield, reaching ringdown times on the order of seconds and quality factors ~10'° at ~5 GHz
and millikelvin temperature.??

For sensing applications that use the fundamental mode, phononic band-gap concepts demand that
the band gap must be engineered such that this fundamental mode is either the localized defect mode

itself or is supported by tethers embedded in a phononic shield. Such phononic band-gap isolation

Figure 2.3: 2D PnC structures. Schematics of (a) high-contrast and (b) low-contrast geometries.



16 Chapter 2 ¢« Background

typically requires adding periodic shield structures to the supports or embedding the fundamental
mode in a deliberately designed defect region. A comprehensive study of core design principles for
making a PnC is reported by Reetz et al.,'® where the 2D PnC is treated as a one-dimensional
periodic string with alternating pad and tether segments. This is characterized by a single contrast
parameter V = v;/vp, i.e., the ratio of tether to pad wave speeds in the PnC, which sets the band
structure and the band-gap width. Exemplary high- and low-contrast PnC designs are shown in
Fig. 2.3. Increasing V' widens the phononic band gap and shortens the evanescent decay length of
defect modes into the PnC which improves phononic isolation, and thus, the radiation-limited quality
factor Qraq. But simultaneously this compresses the mode spatially and increases bending near the
defect, which lowers the bending-limited quality factor Qpenq. Optimal designs therefore work at an
intermediate contrast where the band gap is wide enough to isolate the defect mode but not so wide
that soft-clamping is diminished by excessive curvature.

In summary, phononic band-gap engineering improves Qclamp by removing energy radiation to the
environment while Q;,; remains unchanged, and therefore Qiot &~ Qjnt in the ideal limit .

(ii) Dissipation dilution via strain engineering

Instead of blocking energy from leaving through the supports, dissipation dilution reduces the effective
loss angle ¢og of a given mode by storing a large fraction of its elastic energy in an almost lossless
tensile potential. For a strained resonator, one may write

1
Gett = Do bt & Qe = Dq Qint, (2.27)
Q

where ¢in¢ is the intrinsic material loss angle and Dg = Ulﬁ:ﬁy > 1 is the dilution factor, with Ui the
total strain energy and Ulossy the energy in lossy degrees of freedom.® 123137 High-stress beams and
membranes realize large Dy because the static tensile strain combined with geometric nonlinearity in
the stress-strain coupling for a given mode stores a lot of energy without adding dissipation, while
the lossy bending strain accounts for only a small fraction of the total energy.

Fedorov et al. developed a general theory of dissipation dilution that applies to arbitrary strained
resonator geometries and clarified that the lossless potential responsible for dilution arises from the
combination of static tension and geometric nonlinearity in the strain-displacement relation.'?3 They
showed analytically how the dilution factor can be maximized in non-uniform beams via geometric
strain engineering, for example by tapering and clamp thinning. Experimentally, nanoscale strain
engineering in non-uniform SigN4 nanobeams and membranes has achieved dilution factors of order
10* and room-temperature quality factors up to @ ~ 8 - 10® in the MHz range.®* 37 Beccari et
al. extended this approach to tensioned crystalline silicon nanostrings, achieving quality factors
above 10'0 at cryogenic temperatures, consistent with extremely strong dissipation dilution in a
stoichiometric SizNy.'3% Just recently, the concept has been extended to torsional modes of high-stress
SizN4 nanoribbons achieving @ ~ 10® and torque sensitivities of the order of 10729 Nm/ VHz in the
low kHz range.!39-141

For a uniform double-clamped beam, increasing the film stress improves D¢ through two distinct
mechanisms that have different implications for the mechanical damping rate I},, which sets the
sensitivity limit (Eq. (2.24)): (i) reducing Ujossy and (ii) increasing Uyor.'?® In the low-stress regime, the
beam stiffness is dominated by the material’s Young’s modulus, so both the resonance frequency w and
the dissipation are essentially independent of stress. With increasing stress, Uit and the resonance
frequency rise together and these changes largely cancel, leaving I}, approximately unchanged.
However, the mode shape simultaneously becomes more sinusoidal, concentrating curvature—and
thus bending loss—mnear the clamps. This reduces Uossy and therefore initially lowers I5,. Once the
mode shape asymptotically approaches the sinusoidal limit, this dilution effect saturates; further
increases in film stress mainly raise Uy, increasing ) and w proportionally while leaving [}, essentially
unchanged.

For sensing with the fundamental flexural mode of highly stressed membranes or strings, dissipation
dilution is directly applicable and typically provides a large enhancement of @), because the fundamental
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flexural mode stores most of its energy in tension. Therefore, mostly transverse flexural modes—and
in some suitably engineered geometries also torsional modes as reported for nanoribbons!4'—exhibit
strong dilution, whereas longitudinal /breathing modes do not.'*? Importantly, dissipation dilution
does not require a phononic band gap as a uniform highly stressed string or membrane can already
exhibit dilution. Conversely, a phononic band-gap device without tension does not exhibit dissipation
dilution.

(iii) Soft-clamping of localized modes

Soft-clamping is often realized with phononic band-gap structures, but is conceptually distinct
from band-gap-based isolation. In a conventional beam or membrane, the vibrational mode shape
typically has large curvature at the rigid supports, which concentrates bending strain near the clamps,
and therefore enhances local dissipation and radiation of energy into the substrate. Soft-clamping
suppresses this loss channel by shaping the structure—and therefore the mode shape—such that
the effective support region of the localized mode is compliant rather than rigid. In this case, the
curvature and strain at the boundary of the localized mode are strongly reduced, and the mode
decays evanescently into the surrounding structure and the curvature remains small.

Tsaturyan et al. introduced soft-clamped defect modes in a two-dimensional SizgN, PnC membrane,
where the mode is localized in a central defect cell, but instead of terminating on a rigid frame it
extends a few lattice constants into the surrounding PnC. This way, the effective clamping region has
low curvature and the clamping loss is substantially reduced.®* In one-dimensional Si3N, nanobeams,
soft-clamping has been realized by patterning a non-uniform phononic crystal beam in which the
localized mode has near-zero slope at the physical supports, again strongly reducing bending strain at
the clamp.'®” Further soft-clamping has been applied to hierarchical “binary tree” tensile structures,
where the fundamental flexural mode itself is soft-clamped by a network of compliant links, yielding
Q ~ 10° at 107kHz in combination with dissipation dilution, and excellent force sensitivity of
Fiin =10720N/ vHz at cryogenic temperature.'?? Based on similar hierarchical “fractal-like” string
resonators in which the mode shape is soft-clamped at fixed material, size and tensile stress, it has
been shown that soft-clamping alone enhances @ of the fundamental mode by up to two orders of
magnitude compared to a string with the same dimension and tension.3?

In many phononic membrane implementations, soft-clamping is realized for higher-order localized
defect modes rather than for the fundamental mode of the full membrane. However, as the hierarchical
binary-tree and fractal-like structures demonstrate, it is possible to design the fundamental mode of
a resonator to be soft-clamped.®% 122 Therefore, soft-clamping can in principle be fully compatible
with using the fundamental flexural mode for sensing, provided the overall geometry is tailored for
that purpose.

Conceptually, soft-clamping modifies the mode shape and boundary conditions to (i) suppress
curvature and therefore internal loss near the supports, and (ii) reduce coupling to substrate modes.
In the language of the loss budget, it simultaneously increases Qclamp by shifting elastic energy away
from highly lossy clamping regions, but it is not synonymous with either pure band-gap shielding or
pure strain engineering.

2.2 Magnetism at the nanoscale

Already in the sixth century BC, Thales of Miletus invoked a “soul” to explain why lodestone
(naturally magnetized magnetite) can set iron in motion. Since then, magnetism has become central
to modern technology, underpinning applications ranging from electric motors and magnetic-field
sensors to non-volatile data storage and spintronic memory. It continues to drive advances as magnetic
materials are miniaturized to nanometer dimensions and even the 2D limit. This section introduces the
energetic contributions that govern magnetic states in Sec. 2.2.1, surveys magnetism in 2D materials in
Sec.2.2.2; and finally discusses magnetism in magnetite nanoparticles in Sec.2.2.3 as a representative
nanoscale ferrimagnetic system relevant to this thesis.
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2.2.1 Magpnetic free energy

For a micro- to nanometer-sized permanent magnet, the global magnetization and the underlying
micromagnetic configuration are determined by minimizing the sample’s total magnetic free energy.
In the following we use the term “magnetic energy” for the micromagnetic energy functional, which at
fixed temperature plays the role of an effective magnetic free energy. In the standard micromagnetic
approximation, this energy is written as the sum of four principal contributions: the Zeeman
energy F7, the exchange energy Fe.y, the anisotropy energy F., and the magnetostatic energy Fis.
Correspondingly, the total magnetic energy can be expressed as!43: 144

Etot = EZ + Eex + Ems + Eaa (228)

which can be considered a minimal micromagnetic model. It neglects additional energy terms that
are absent or expected to be very small in the systems considered in this work. Depending on the
specific material and geometry, this minimal form can be extended on demand in a straightforward
way by adding further contributions as for example Dzyaloshinskii—-Moriya (DMI), magnetoelastic,
or interlayer exchange terms whenever these are known to be relevant. For layered two-dimensional
magnets for example, an interlayer exchange (RKKY) coupling term may also be relevant. In the
context of dynamic torque magnetometry, the magnetic energy determines both the equilibrium
magnetization configuration and the field-dependent magnetic contribution to the effective spring
constant as will be discussed in more detail later in Secs. 2.3.2 and 2.3.4. The magnetic energy terms
included in Eq. (2.28) are introduced in the following.

Zeeman energy

In the presence of a uniform external magnetic field Heyt, magnetic moments inside a body tend
to align with the applied field in order to lower the Zeeman energy. This contribution to the total

magnetic energy is given by!43, 145,146

By = —uo/ M(r) - Hex dV, (2.29)
174

where M(r) is the magnetization field and pg denotes the vacuum permeability. Accordingly, the
Zeeman energy is minimized when M(r) is parallel to Heyt.

Exchange energy

In general, the bilinear exchange interaction between localized moments can be decomposed into a
symmetric part, which includes the usual Heisenberg exchange, and an antisymmetric part, which
guides the Dzyaloshinskii-Moriya interaction (DMI).}43:145:147 The symmetric part is responsible
for ferromagnetic (FM), ferrimagnetic (FiM), and antiferromagnetic (AFM) order, depending on
the sign and spatial pattern of the exchange constant. The antisymmetric part is the DMI, which
tends to cant neighboring moments and can favor approximately perpendicular alignment with a
fixed chirality. In the following, the discussion is restricted to the more common and often dominant
symmetric case, in which the exchange energy is minimized when neighboring moments are aligned
parallel or antiparallel, depending on the sign of the exchange constant.

For most materials there is no simple analytical expression for the Heisenberg exchange integral
Ji;j, which quantifies the coupling strength between moments on sites ¢ and j. In practice, J;; is
therefore treated as a phenomenological parameter that is determined either from experiment or
from first-principles electronic-structure (DFT) calculations. Qualitatively, the exchange energy is an
effective interaction between neighboring electron spins that arises from the combination of Coulomb

repulsion and the Pauli exclusion principle. In the Heisenberg model it is written as!43 147,148

B, = —2 Z Jij Si-S;, (2.30)
4,J

where S; and S; denote the dimensionless total spin of the localized moments on atoms ¢ and j,
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respectively. For J;; > 0 the ground state favors parallel alignment of neighboring spins, i.e. FM
ordering, while for J;; < 0 an AFM arrangement with antiparallel neighboring spins is obtained.
For direct and superexchange in insulating magnets the magnitude of J;; decreases rapidly with
increasing distance, so that only nearest, and sometimes also next-nearest, neighbors contribute
significantly. In metallic systems, longer-range indirect (RKKY-type) exchange can also play a role,
but the Heisenberg interaction itself remains intrinsically short-ranged. It is worth noting that the
isotropic Heisenberg term does not encode any globally preferred direction for the magnetization: a
uniform rotation of all spins leaves E., unchanged.

Treating the magnetic specimen as a continuous medium and assuming that the magnetization mag-
nitude is spatially uniform, a continuous magnetization vector field can be defined as M(r) = M, m(r)
with [m(r)| = 1. In this micromagnetic continuum approximation the symmetric exchange interaction
then takes the form!43145-147 )

Box = Ao {vm(r)] dv, (2.31)

where Aey is the exchange stiffness, a continuum material parameter with units of energy per unit
length that measures the energy cost of spatial non-uniformity of the magnetization, and M(T) is the
temperature-dependent saturation magnetization. For a FM or FiM material, the Curie temperature
Tc is the temperature above which spontaneous magnetic order disappears in the absence of an
external field. In analogy, the Néel temperature Ty is the temperature at which spontaneous magnetic
order is suppressed in AFM matter.

Magnetostatic energy

The magnetostatic (dipolar) energy describes the energy associated with the magnetic field generated
by the magnetization itself. It is long-ranged and plays a key role in determining domain structures
and shape effects.!®® In micromagnetics it can be written as4% 147

Bns = —%/VM(r)-Hd(r) av, (2.32)

where Hy(r) denotes the demagnetizing field produced by M(r). The magnetic field generated by a
magnet extends throughout space. Outside the magnet it is referred to as the stray field, while inside
the body it acts back on (opposes) the magnetization and is referred to as the demagnetizing field.!4% 147

In the absence of free currents, Hy is determined by the magnetostatic Maxwell equations.!43 147 In

general, finding Hy for arbitrary sample shapes and nonuniform M requires numerical methods.'4*
Although closed-form results for Hy are only available for a few high-symmetry cases, ellipsoids are
particularly useful because a uniformly magnetized ellipsoid yields a uniform internal demagnetizing
field.143: 145 Approximating a given geometry by an ellipsoid with equal volume therefore provides a
convenient macrospin estimate of the global magnetostatic (shape) energy. Thus, elongated samples
with strong uniaxial shape anisotropy can often be modeled as prolate ellipsoids, whereas ultrathin
films and layered 2D magnets can be approximated by oblate ellipsoids, capturing the dominant
easy-axis or easy-plane character, but it neglects edge effects and possible domain formation in
finite-sized structures.'43:147

Let a = b and ¢ denote the semi-axes of an ellipsoid of revolution along its principal axes. For a

uniformly magnetized ellipsoid, the demagnetizing field is also uniform inside the sample and can be

written asl43 147
Hd,a Da 0 0 Ma
Hop|=-|0 Db 0|05}, (2.33)
Ha. 0o o D) \u.

where D; (i = a,b, ) are the demagnetizing factors, with D, + Dy + D, = 1. Inserting Eq. (2.33) into
Eq. (2.32) yields!43
Frns = %V (D, M2 + Dy M7 + D M?). (2.34)

In the prolate limit ¢ > a one finds D, — 0 and D, = Dy — %, corresponding to an easy axis along
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the long axis. In the oblate limit ¢ < @ one finds D, — 1 and D, = D, — 0, corresponding to an

easy plane perpendicular to the short axis.*3

Anisotropy energy

Magnetic anisotropy describes a system’s preference for particular orientations of its magnetic
moments. Correspondingly, the anisotropy energy quantifies the energy cost of rotating the moments
away from these preferred directions. The orientations that minimize the anisotropy energy define the
magnetic easy axis or, in case of an easy-plane system, the easy plane. Magnetic anisotropy is crucial
because it shapes a sample’s hysteresis and ultimately governs the stability of a given magnetization
configuration against external perturbations. The effective anisotropy generally comprises several
contributions—depending, for example, on crystallinity, geometry, dimensionality, growth, and sample
preparation—including magnetocrystalline, shape, magnetoelastic, and surface anisotropy.4% 147

Magnetocrystalline anisotropy has its origin in spin-orbit coupling (SOC), which links the spin
direction to the electronic orbital character, while the orbital character is constrained by the crystal field
and chemical bonding.'*® As a consequence, a uniform rotation of the magnetization direction r(r)
relative to the crystal lattice changes the electronic energy and introduces preferred crystallographic
directions (easy axes) or planes (easy planes). For cubic crystals such as magnetite (FezOy), a standard

low-order expression for the magnetocrystalline anisotropy energy up to second order is'4% 147

Enca = / {Kcl (a%a% + a%a% + a%a%) + Koo a%a%a%} dv . (2.35)
1%

Here K., and K. are the first- and second-order cubic anisotropy constants, V' is the magnetic
volume, and a; = m(r)-&; (with ¢ = 1,2,3), where &; are unit vectors along the cubic crystallographic
axes. Depending on the material under investigation, the second-order term proportional to Ko is in
many cases much smaller than the leading K., contribution, and therefore is often neglected.'4
Surface or interface anisotropy is closely related to magnetocrystalline anisotropy, but is localized
near surfaces and interfaces, where the reduced coordination and broken symmetry modify the local
electronic environment and thereby the SOC induced anisotropy.'4®'47 This contribution becomes
particularly important in nanoscale structures with large surface-to-volume ratio and in ultrathin
films and layered 2D magnets, where it may dominate the effective anisotropy by selecting an easy
axis or easy plane.'*” A commonly used phenomenological form for surface anisotropy energy up to

second order is!4?

FEout = 7/3 [Ksl (ﬁl(r)~ﬁs(r))2 + Ko (Iﬁ(r).ﬁs(r))ﬂ ds . (2.36)

where K and Ko are the first- and second-order surface anisotropy constants, ns(r) is the local
surface-normal unit vector, and S denotes the magnet’s surface.

Shape anisotropy refers to the directional preference induced through dipolar (magnetostatic)
self-interactions, and therefore depends on a magnet’s geometry.'43 147 In the strict micromagnetic
decomposition this contribution is contained in F,,s. However, in many situations—for example, in
macrospin-like descriptions where M(r) = M—the net easy-axis or easy-plane effect can be modeled
as an effective uniaxial anisotropy energy.'4% 147 In practice, this behavior can be summarized by an
effective uniaxial anisotropy energy up to second order of the form

B, = —/ [Kul (-0)? + Ko (th-n)*| dV . (2.37)
|4

where K,; and Ko are the first- and second-order uniaxial anisotropy constants, and n is the unit
vector along the uniaxial easy direction. Correspondingly, this energy term is minimized when
magnetic moments align parallel or antiparallel with respect to the uniaxial anisotropy axis in the
case when K,; > 0 and in the absence of higher-order terms.!4>

Magnetoelastic anisotropy arises when strain modifies the local crystal field and thereby the

SOC-induced anisotropy.'*” Phenomenologically, it can be treated as an additional strain-dependent
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anisotropy term, often of approximately uniaxial character, whose strength depends on the sample’s
elastic state—for example, through epitaxial strain in thin films, strain from sample preparation, or
from deliberately applied external stress.!*®

2.2.2 Magnetism in 2D materials

2D materials—also referred to as van der Waals materials—are layered solid materials in which
layers are not covalently connected with each other but are held together solely by much weaker
van der Waals interaction. This allows their exfoliation from bulk crystals. Since their discovery
and the initial isolation of graphene and the demonstration of a pronounced electric-field effect in
atomically thin (monolayer) carbon films in 2004, the study of 2D materials has become a major
research field.'4? The ability to deterministically stack layers of different 2D materials into so-called
vdW heterostructures further expanded the field into a versatile platform where electronic, optical,
and magnetic properties can be combined and new properties emerge.3” 38

From a fundamental viewpoint, magnetism in the strict 2D limit is non-trivial. For systems with
short-range exchange and continuous spin-rotation symmetry, the Mermin—Wagner theorem excludes
conventional finite-temperature long-range FM or AFM order in the thermodynamic limit, because
long-wavelength thermal fluctuations destabilize magnetic order.!® Importantly, real materials are
rarely perfectly isotropic. Magnetic anisotropy induced by magnetocrystalline and dipolar interactions
reduces the symmetry and can open a spin-wave gap, thereby stabilizing magnetic order in atomically
thin crystals, inducing Ising-type easy-axis character, or enabling topological finite-temperature
phases in XY-type easy-plane systems.3% 36,150

Intrinsic magnetism in atomically thin vdW crystals was experimentally demonstrated in 2017 in
Crl3, showing that FM order persists down to the monolayer limit with strong out-of-plane (Ising-like)
character.** A pronounced even—odd layer dependence, consistent with AFM interlayer coupling, was
later supported by tunneling and spin-filter measurements.?% 151
out-of-plane FM order was also observed in bilayer and thicker few-layer samples of the soft magnet

At about the same time, intrinsic

CryGesTeg, demonstrating FM interlayer coupling, a strong layer-number dependence of T, and
field-induced control of the transition temperature.'®?> More generally, these works highlight how
magnetic anisotropy—whether intrinsic or effectively enhanced by external fields—counteracts thermal
fluctuations in the 2D limit. Together, these reports marked the beginning of intrinsic 2D magnetism
in vdW materials.3% 36,39

Since then, 2D magnets have developed into a rich playground for the study of spin physics in
systems with reduced dimensionality, where magnetic order and anisotropy can be tuned. For example,
gate-controlled switching between layered AFM and FM configurations has been demonstrated in
bilayer Crls, and ionic gating has been shown to raise T¢ of trilayer Fe3GeTes up to room temperature
beyond the bulk transition temperature.*>4° Further, twisted stacking has been applied to produce
moiré superlattices that can induce spatially varying exchange interaction and anisotropy, leading
to emergent magnetic textures and so-called moiré magnetism as directly visualized for twisted
Crl3.4¢ Today, a large number of metallic, semiconducting and insulating vdW FM and AFM exists,
and a versatile toolbox has been introduced for controlling magnetism via thickness, gating, strain-
engineering, stacking, and twisting.3> 36:3% Key limitations for integrating 2D materials into functional

153 monolayer yield and reliable monolayer access,3: 154

vdW heterostructure devices are air sensitivity,
clean interfaces,!®® scalable and reproducible synthesis,'®* 156 CMOS-compatible processing,'®6 and
the scarcity of intrinsic 2D magnets with ordering temperatures approaching room temperature.'®”

The vdW heterostructure approach is particularly important for magnetism because it enables
interface-driven functionality, allowing combination of magnetic layers for example with graphene
contacts, semiconducting transition-metal dichalcogenides, or topological materials to realize proximity
exchange, spin filtering, and gate-tunable magnetic tunnel junctions.?6 3% An exemplary landmark
device demonstration is the realization of Crlz-based spin-filter tunnel junctions exhibiting very
large tunneling magnetoresistance, and the use of vertical tunneling as an electrical probe of layered

50,151

magnetic order and excitations. Such results motivate the view that 2D magnets can serve not

only as model systems for the study of emergent low-dimensional spin-physics, but also as functional
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building blocks for ultrathin spintronic elements.3?-36:39

From a technology perspective, the interest in 2D magnetism is tightly linked to computing and
information technologies, where magnetism is already central today. Magnetoresistive read heads
based on giant magnetoresistance (GMR) enabled major increases in hard-disk areal density and
became a core technology for data storage, illustrating how fundamental spin-transport effects can
translate into abundant technologies for the consumer market.!5%:15 In modern non-volatile memories,
magnetic tunnel junctions (MTJ) are the key component of MRAM concepts. Spin-Transfer-Torque
(STT-)MRAM is being actively developed for CMOS integration, with applications ranging from
standalone memory chips to embedded non-volatile memory on logic devices.'%° In this context, the
use of 2D magnets promises atomic-thickness scaling, low-energy voltage control, and a modular
heterostructure platform that integrates transport, optics, and magnetism.3” 3% 45161 AFM vdW
materials, in particular, provide an additional device-motivated research direction: with (nearly) zero
net magnetization, AFMs generate negligible stray fields and are therefore promising for high-density
device arrays with reduced magnetic crosstalk. In addition, they exhibit intrinsic spin dynamics in the
GHz-THz range, which is attractive for high-speed operation in memory and logic concepts.'627164
Thus, substantial effort is devoted to understanding, tuning, and controlling AFM order and related
spin dynamics in layered 2D crystals.3%: 36,39, 161,165

Overall, 2D magnetism has progressed from the realization of stable atomically thin crystals'4® and
vdW stacking,?” through the experimental discovery of intrinsic magnetism down to the few- and
monolayer limit in vdW magnets,** 152 to today’s broad landscape of tunable magnetic phases and
interface-induced phenomena in vdW heterostructures.?6 While most intrinsic 2D magnet devices
remain at the laboratory and prototype stage,*>°° the rapid pace of progress—together with the
proven commercial relevance of MRAM technologies, from GMR!'5® to STT-MRAM and MTJ-based
embedded memory!'%°—makes 2D magnets a compelling research direction toward future low-power,
scalable, and functionally integrated spin-based technologies.

2.2.3 Magnetism in magnetite nanoparticles

Magnetite (FezOy4) is a soft FiM crystal with cubic inverse spinel structure (AB2O4) above its
Verwey transition, where Fe?™ occupy octahedral sites and Fe3T are split, half on tetrahedral
and half on octahedral sites.!67169 At room temperature, bulk magnetite forms a multi-domain
grain-structure to reduce its magnetostatic energy at the cost of domain-wall formation. For small

170,171 and analytical /micromagnetic modeling of

particles, experimental studies of individual grains
isolated cubic particles indicate single-domain formation below the size of ~0.1 pm.'7% 173 The exact
size threshold for single-domain formation, however, depends strongly on a particle’s morphology,
magnetic anisotropy, and degree of crystallinity. When the particle size is reduced below 20— 35 nm,
the effective anisotropy energy barrier—set by magnetocrystalline, shape/magnetostatic, surface,
and magnetoelastic contributions—becomes comparable to kT, so the magnetic moment undergoes
thermally activated reversals and the particles become superparamagnetic.!7!: 174175

Magnetite nanoparticles can be produced synthetically in various shapes and sizes, and several
routes for surface functionalization and bioconjugation have been described.'”% 177 An alternative
route to obtain magnetite nanocrystals is biogenic production.!”™ Many magnetotactic bacteria
(MTB) have been reported that synthesize magnetite particles—the so-called magnetosomes—within
their cell body and arrange them in quasi-linear chains as shown in Fig. 2.4, in which the magnetic
moment is stabilized via dipolar interaction which induces an effective uniaxial anisotropy.!”® 18!
Magnetosomes exhibit a species-specific mature morphology and size between 35—120nm,'3? and
therefore typically fall in the stable single-domain range. Biomineralization comes with several strong
advantages: crystals are typically highly crystalline, chemically pure, and narrow in size/shape
distribution, with reproducible magnetic properties that arise from biological control over nucleation
and growth.!7? 180 Another practically important advantage is the native magnetosome membrane,

183,184 and provides a built-in biointerface that can facilitate

which promises great biocompatibility
colloidal handling and bioconjugation strategies compared with bare synthetic iron oxides. And

ultimately, biogenic synthesis comes with the potential to tailor properties via genetic modification of
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Figure 2.4: Bacterial magnetite particles. Cuboctahedral magnetite crystals forming a magnetosome
chain in Magnetospirillum gryphiswaldense.

the underlying metabolic pathways, and thereby enable targeted optimization and design of single
magnetite nanoparticles, magnetosome chains, and whole MTB cells toward specific technological
applications. 185187

The discovery of MTB and MTB-derived magnetite nanoparticles has inspired numerous applica-
tions in fundamental research and the applied sciences, including the use of single magnetosomes,
isolated magnetosome chains, and even whole MTB cells.!78 188190 Most of these ideas are still at
the laboratory or preclinical stage; however, magnetosome-based technologies offer a remarkably rich
pipeline for future applications across many disciplines, motivating continued research. This includes
a number of biomedical applications, 1196 including using them as nano-robots with magnetic actu-
197-200 a5 sensing devices,?°! as mediators of magnetic hyperthermia for cancer therapy,2°? 205
or as high-contrast agents for magnetic resonance®”:296 and magnetic particle imaging.2°” 210 The
biomineralization process governing the formation of magnetosome chains is also of great interest for
finding new routes of material generation.?!! More exotic research directions include the use of MTB
in waste water treatment,?'? in the realization of magnonic quantum states at room temperature
for magnonic computing,?'® or studies linking the presence of magnetite nanoparticles—similar to
those making up magnetosomes—in meteorites from Mars to potential presence of ancient life on
that planet!.214-216

ation

2.3 Dynamic Torque Magnetometry

Dynamic torque magnetometry has evolved into a powerful tool for studying magnetism in ever smaller
systems, from bulk single crystals down to individual nanomagnets.2!”219 In essence, the technique
converts field-dependent changes in a sample’s magnetic energy into measurable shifts of a mechanical
resonator’s eigenfrequency and dissipation. Early implementations relied on macroscopic torsion
fibers and cantilevers, while modern realizations use ultra-compliant micro- and nanomechanical
resonators.’? 220 These methods achieve exquisite torque sensitivity and give access to a broad
range of magnetic phenomena including anisotropy, hysteresis, and phase transitions.”® 73221 A
particularly successful implementation is Dynamic Cantilever Magnetometry (DCM), in which a
magnetic specimen is rigidly attached to a flexural resonator and the resulting magnetic torque
modifies its effective spring constant.5? 7% 7% In the following, we adapt this general concept to the
use of a torsional paddle microbridge. Section 2.3.1 introduces the experimental setup, while Sec. 2.3.2
develops the theoretical framework relating the measured frequency shift and dissipation to the
curvature of the sample’s magnetic energy landscape. We then describe the experimental procedure
and associated observables in Sec.2.3.3. The discussion concludes in Sec. 2.3.4 with analytical and
numerical modeling that connects the measured dynamic torque to the sample’s magnetization.

2.3.1 Experimental setup

The torque transducer consists of a double-clamped torsional paddle resonator with a large central
platform suspended by lateral tethers as sketched in Fig.2.5. The magnetic sample is attached
at the paddle center where the fundamental torsional mode has maximum angular displacement.
Typically, the magnetic specimen is oriented such that its easy anisotropy axis lies in the plane and is
aligned roughly perpendicular to the paddle’s axis of rotation. The out-of-plane displacement of the
magnet-on-resonator system is tracked with an optical fiber interferometer readout operated at powers

{Paragraph partially adapted from Claus, M. M. et al., Phys. Rev. E 113, 014408 (2026)
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between 100—250 nW and telecom wavelength of 1550 nm, yielding an optical signal that is converted
into a photo-induced voltage by a photodetector, and the voltage signal is detected using a lock-in
amplifier.?22 The coordinate system is defined such that the paddle rotates about the y-axis (neutral
axis), the z-axis points out of plane, and the x-axis lies in plane, perpendicular to the rotation axis.
Furthermore, the measurement setup includes a rotatable superconducting bore magnet that can be
oriented within the xz-plane over an angular range of 225°, providing magnetic fields H of up to 4.5 T.
The orientation of H is described by 6y, which measures the angle with respect to the z-axis and 0,
denotes the angular displacement of the paddle. The transducer is mounted in a vibration-isolated
closed-cycle helium cryostat (Montana Instruments) which allows temperature control in the range
from ~4-300K depending on thermal coupling. Ideally, thermal fluctuations are sufficient to excite
resonator motion above the thermal noise floor for high-Q resonators. However, if this is not the case,
resonator motion can be actively driven. This can be achieved either by a piezoelectric element, which
shakes the entire chip in an out-of-plane motion, or by magnetic torque driving, where a coil generates
an AC magnetic field H, that couples primarily to the paddle’s torsional modes via the magnetic
specimen. For active actuation schemes, the drive frequency is swept across a resonance peak at
constant drive amplitude, and the signal is fitted and the resonance frequency can be extracted
accordingly.

interferometric
laser readout

Figure 2.5: Dynamic torque magnetometry with a torsional resonator and interferometric
displacement detection. Sketch of the magnet-on-paddle system, the coordinate system, and 1550 nm
laser for detection of the resonator deflection. H denotes the magnetic field vector and 6, sets its orientation
within the xz-plane. 6 is the angular displacement of the paddle due to rotational twist about the y-axis. A
putative magnetic sample is depicted in green.

2.3.2 Theoretical framework

Dynamic torque magnetometry allows non-invasive characterization of extremely small magnetic
specimen with dimensions of only few tens to few hundreds of nanometers.??3> The technique is
based on attaching a magnetic sample to a mechanical resonator, thereby coupling the magnetic and
mechanical energies. Typically, ultra-soft cantilevers have been employed as mechanical resonators,
and the underlying DCM measurement principle has been extensively discussed in the theoretical
and experimental literature.0>74 217:224-227 Here, the physical framework of DCM is adapted to the
use of a paddle micro-bridge, as sketched in Fig. 2.5, whose fundamental torsional mode is used for
Dynamic Paddle Magnetometry (DPM), instead of the fundamental flexural mode used for DCM.

The magnetic torque T exerted on a resonator in response to the probe’s magnetic moment m(H)
coupling to the externally applied magnetic field H follows 7 = m(H) x poH. With 7, denoting the
component of magnetic torque about the y-axis, acting on the center of the paddle micro-bridge,
Eq. (2.12) becomes a damped driven harmonic oscillator equation of motion. For the fundamental
torsional mode, it can be written as a Langevin equation of the form

Joit 0+ JegTmb + ko 0 = T - (2.38)

The total energy FEi.; of the magnet-on-resonator system combines the mechanical and magnetic
energy E,, according to

1
Eyor = 5 Ku.ett 07 + B (2.39)
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The coordinate system is chosen such that H lies in the xz-plane and the y-axis coincides with the
paddle’s axis of rotation. Hence, 6, is a function of the torque along y given by 7 = — (%). By
p

expanding Ep, around 6, = 0, while keeping terms only up to first order and solving Eq. (2.38) for T,
the torque along the micro-bridge’s axis of rotation can be rewritten as

OFm 02 Ep
T(0p) = — ( 50 ) — | Fte + ( >] 0 . (2.40)
p lo,=0 0p=0

002
Thus, by combining Eq. (2.38) and (2.40) the equation of motion becomes

OFy,
0. — —
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= JoOp + JegTmbp +

9p_0> : (2.41)

As can be seen from to Eq.(2.41), the coupling between the probe’s magnetic moment and the
externally applied magnetic field gives rise to a magnetic spring constant k., and a static magnetic
torque Ty,

In approximation, contributions from dissipation I}, are negligible for high-@) resonators, and hence,
the change in spring constant translates into a shift in angular resonance frequency from

[ki.e [ Kt eff + km
wt’o ~ Lﬂf g oJum ~ L (242)
Jeﬁ Jeff

Expanding Aw; = wym — wi o up to first order in ky, in the regime ky < ki, and using w = 27 f,
the magnetic shift of the resonant torsional frequency yields

) . (2.43)
0p=0

Equation (2.43) is a resource to probe the curvature of the magnetic energy by measuring Af in
response to an external field H, which is proportional to the curvature of the magnetic energy landscape

Afy =

fto [ 0%En
B th,cff
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defined by FEy,. As such, dynamic torque magnetometry probes the sample’s net magnetization.
However, when combined with micromagnetic simulations, it does provide detailed insight into the
underlying (micro-)magnetic texture as will be discussed in Sec. 2.3.4.

During a DPM measurement re-orientation of the probes magnetization in an external field occurs
much faster than changes in the oscillator’s resonance frequency, and therefore magnetization can
be considered in an equilibrium state at any given deflection angle 8,. According to Eq. (2.43), a
positive Af; corresponds to a local minimum in the magnetic energy with respect to 6,. Thus, given
the alignment of the probe’s magnetization, its orientation in the xy-plane is energetically favorable
as a change in 0, is associated with an increase in Fy,. Small displacement away from 6, therefore
induces a spring-like magnetic restoring force which stabilizes the probe’s magnetization. This in
turn, causes an effective stiffening of the spring constant which manifests in a positive Af;.

In contrast, a negative Af; is indicative of a local maximum in E,(6,). Correspondingly, given the
alignment of the probe’s magnetization, its orientation in the xy-plane is energetically unfavorable.
Therefore, the resonator experiences an effective softening of the spring constant, leading to a decrease
in Af;. Even though an exact expression for E,, is required to predict the DPM response, certain
limits can already be understood from approximating the magnetic energy, and we will follow up on
this in Sec.2.3.4
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2.3.3 Experimental procedure and observables

The experimental setup described in Sec.2.3.1 provides three independent control parameters: the
externally applied magnetic field H, the field angle 6),, and the temperature T'. This affords a rich
experimental toolbox, enabling;:

o Field sweeps at fixed angle Af(H) to probe hysteresis.

o Angle sweeps at fixed field Af(6y,) to probe magnetic anisotropy.

o Temperature sweeps at fixed field and angle Af(T") to probe temperature dependence.
e And combinations thereof to map out phase diagrams Af(H, 6y, T).

In this work, we employ dynamic torque magnetometry based on the first two measurement protocols
listed above, which are briefly discussed in the following.

Performing hysteresis measurements along specific anisotropy axes clearly requires knowledge of
their spatial orientation. Consequently, the characterization of a new magnetic sample typically
begins with an angle-dependent measurement of Af(6y,) at a fixed field H chosen sufficiently large
that the frequency shift lies well within the high-field regime and thus approximates Afy, as given in
Eq. (2.46). This not only probes the direction, but also the type of anisotropy present in the sample.
Based on the result, the field angle 6y, is then oriented and fixed to address a specific anisotropy axis,
and the field is swept from +4.5T to F4.5T and back, while measuring Af (H).

Resonator motion is driven either at a constant oscillation amplitude or with a constant driving
amplitude. In both cases, the mechanical dissipation coefficient can be deduced in addition to
the frequency shift Af (dynamic torque, Eq.(2.43)) and the static torque 7,,,. When operating the
resonator at a constant oscillation amplitude, it must be driven with a torque Tqrive = eﬂ‘Fmép such
that dissipative losses are compensated. The total dissipation of the magnet-on-resonator system
can be written as I' = I}, + Ihag, where I, denotes mechanical losses of the resonator and Iy ag
captures magnetic relaxation processes in the sample.??® The magnetic contribution produces sharp
dips or jumps in I" at magnetic phase transitions, making the dissipation signal (or driving voltage) a
sensitive complementary probe to the frequency shift.” 88,229,230

2.3.4 Connecting dynamic torque and magnetization

The measured frequency shift Af alone does not directly reveal the sample’s magnetization. To address
this, a complementary theoretical framework is needed that relates Af to the magnetization M, and
thus to Fy,, based on Eq.(2.43). Under certain conditions—specifically, at low and high applied
fields and for magnetic samples with suitable properties—analytical models can be easily obtained.
A comprehensive analysis of the dynamic magnetic torque signal in the intermediate field-range for
prolate and oblate ellipsoid-shaped FM samples is reported by S. Philipp.2?® For samples with more
complex magnetic behavior the mono-domain approximation breaks down, and thus, establishing
a quantitative relationship requires micromagnetic modeling combined with numerical simulations
of the dynamic torque. In what follows, both, analytical and numerical micromagnetic modeling
approaches are introduced.

Analytical model

For small FM samples with uniaxial anisotropy, in which the exchange interaction forces individual
spins to orientate parallel to each other, the collective magnetization can be treated as a single-domain
macrospin using the Stoner-Wohlfarth model. In this simplified model, magnetization is assumed to
be uniform across the entire magnetic volume V and is described by the magnetization unit vector m.
In this regime, F,, can be approximated by considering only the Zeeman and the uniaxial anisotropy
energies as?30

Em = —poVM - Heyy — K,V (- 0)?, (2.44)

where p is the vacuum permeability, K, the uniaxial anisotropy constant, and i denotes the unit
vector of the anisotropic easy axis. The easy axis represents the preferred orientation of m in the
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absence of an external field, and thus, minimizes the anisotropy energy. For K, > 0, the anisotropy
term is minimized when h aligns parallel or antiparallel to fi. Again, it must be emphasized that in
this simplified model higher order shape, as well as magnetocrystalline, and magnetoelastic anisotropy
contributions are neglected. For samples with a high aspect ratio, as for example very long and thin
magnets with strong uniaxial shape anisotropy, this is a valid and also powerful model, that allows
analytical description of the resulting dynamic torque within the low- and high-field limit.

In the low-field limit, i.e. H < %, FE,, is dominated by the anisotropy term which induces parallel
or anti-parallel orientation of M with respect to the easy axis. Thus, in this regime, DPM probes the
curvature of the first magnetic energy term of Eq. (2.44). Differentiating twice the magnetic energy
with respect to the angular displacement and inserting into Eq. (2.43) yields the torsional frequency
shift in the low-field limit™
ft,o 32Mz - ft,(]MOV

H = JLOOY prg, 2.4
2oV g2 oo 2keo (2.45)
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and thus, Af; o« Hexy and M, can be determined from the measured response.

In the high-field limit, i.e. H > %, the Zeeman term dominates and the probe’s magnetization
M is forced to be parallel with the field H. Again, differentiating twice the expression for F, in the
high-field limit, and after inserting in Eq. (2.43) the frequency shift in the high-field limit is found™

Afpe = I{t’o

oV Ky (cos® 0, — sin® 6, cos® ¢,,) (2.46)
£,0

where 6,, and ¢,, denote spherical angles of the easy axis n relative to H and M, respectively. This
result is independent of the applied field and Af; approaches a horizontal asymptote referred to as
the high-field limit Afy¢. In this regime, DPM probes the curvature of the second term of Eq. (2.44),
and Afyr is directly proportional to the magnet’s anisotropy constant, and thus, allows quantification
of the anisotropy energy.

Numerical model with micromagnetic simulation

Many of the structures investigated by DCM-—such as nanotubes,”® 77 mesocrystals,”® and other

magnets with complex exchange-bias or shape anisotropy—cannot be faithfully described by a single
macrospin. Even when the DPM response is ultimately sensitive only to the net torque and the
curvature of the total magnetic energy, these quantities reflect non-uniform magnetization textures,

7 In this regime, the micromagnetic description

domain walls, and vortex or flux-closure states.
introduced by Brown and widely used in the DCM literature becomes essential.”% 7376, 146

In micromagnetics, the magnetization is treated as a continuous vector field described by the
magnetization unit vector m(r), coarse-grained over a length scale large compared to the lattice
constant, but comparable to intrinsic micromagnetic length scales such as for example the exchange
length le, = \/2Aex/poM2.144 147 The magnetic energy functional includes Zeeman, exchange,
anisotropy, and demagnetizing energy, and may have additional contributions as discussed in Sec. 2.2.1.
The associated dynamics are governed by the Landau—Lifshitz—Gilbert equation

%—Tz—7rﬁxuoHeﬁ+amx%—T, (2.47)

where 7 is the gyromagnetic ratio, a the Gilbert damping parameter, and H.g the effective field
derived from the derivative of E,, with respect to m. In the context of DPM, however, the mechanical
oscillation is slow compared to the internal precession and relaxation rates, so that the magnetization
can be assumed to be in a quasi-static equilibrium configuration for each instantaneous value of the
applied field H and torsional angle 6.

Adapting the cantilever-based micromagnetic treatment developed for DCM of systems such as
70,73,74 ™2 mesocrystals,”® and thin films” to torsional DPM is straightforward.

nanotubes, nanowires,
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Instead of a flexural deflection angle of a beam, the relevant analogous coordinate is now the rotation
angle 0, of the paddle. For a rigidly attached magnet, a small torsional oscillation is equivalent to a
small rotation of the sample—and thus of its anisotropy and demagnetizing axes—with respect to
the external field. For each field value, the magnetization is relaxed to an equilibrium configuration
at small tilting angles using a micromagnetic solver such as MuMaz32?31232
this is implemented by rotating the field by a small angle +46, relative to the sample, relaxing the

or Nmag.22? In practice,

magnetization in each position, and recording the corresponding total magnetic energies Ey, (—06,),
Em(0), and Ep,(+66,).7223:234 The resulting equilibrium energies Ey, () encode both the net
magnetic moment and the internal spin texture.

From these three energies—FE(—60p), Ew(0), and Ey,(+60,)—the curvature 92Ey, /802]g, —o is
obtained numerically using a central finite-difference scheme, as illustrated for flexural DCM. 115,223,224
Explicitly, the corresponding differential quotient is evaluated as

02E,, _ Bu(+06) — 2B, (0) + By (—66,)
002 - 562

p lo,=0 p

. (2.48)

Inserting this curvature into Eq. (2.43) derived in Sec. 2.3.2, together with the independently measured
bare resonance frequency f; ¢ and effective torsional stiffness k; g, yields the simulated field-dependent
frequency shift Af;(H) for the chosen set of micromagnetic parameters Aex and M. The torsional
spring constant k; o is deduced from finite-element modeling of the mechanical resonator including
the weight of the magnetic sample in COMSOL Multiphysics software.

In this way, micromagnetic modeling provides the bridge between complex real-space micromagnetic
textures and the integrated DPM signals, enabling for example identification of vortex formation,
flux-closure states, or domain-wall motion as specific features in the modeled Af(H), in direct analogy
with the analyses reported for nanotubes,”?> 7374 72 exchange biased Janus particles,” and
maghemite mesocrystals.”®

Finally, the numerical DPM curves are compared with the experimental data and optimized for

nanowires,

agreement, typically by first using the high-field asymptotes to constrain the combination of saturation
magnetization, magnetic volume, and anisotropy, and then refining the model to reproduce low-field
switching features and hysteresis. This strategy mirrors the procedure successfully employed in many
DCM studies and provides a robust, broadly applicable framework for interpreting dynamic torque
magnetometry measurements in terms of the underlying micromagnetic states.



Micro- and nanofabrication

This chapter describes the nanofabrication methods and process strategy for production of standalone
torsional resonators in unstructured membranes, as well as torsional and flexural resonators embedded
in a PnC structured membrane made from PECVD silicon nitride, as detailed in Sec.3.2. It also
outlines the key techniques commonly used to prepare magnetic vdW materials near the 2D limit,
presented in Sec. 3.3. The fabrication outcomes are summarized in Sec. 3.4 and results are discussed
in Sec. 3.5

3.1 Introduction

Recent advances in the fabrication of nanomechanical resonators have enabled measurements of mass,
force, and torque with exceptional sensitivity. A major driver of this progress has been the substantial
miniaturization of mechanical transducers over the past three decades, extending to devices based on
235 Reducing device dimensions and defect density lowers mechanical
dissipation and thereby improves transducer sensitivity.?36 More recently, phonon engineering has

individual carbon nanotubes.

been employed to further suppress mechanical losses by patterning the supports to create a phononic
band gap around the resonator’s mechanical frequency.®* In addition, support geometries can be
designed to realize optimized clamping conditions, which further reduce dissipation. These concepts
have enabled high-Q optomechanical devices,?”238 and are now starting to be adopted in the design
of high-sensitivity force sensors.?3?7242 To the best of our knowledge, phononic band-gap shielding
engineered for acoustic isolation has not yet been applied to ultrasensitive torsional-resonator torque
transducers.

Here, we aim to transfer this approach for suppression of mechanical dissipation to the development
of ultrasensitive mechanical torque transducers, tailoring their design and and improving their sensing
performance for studies of 2D materials, including 2D magnets and vdW heterostructures. Beyond
aiming to provide the sensitivity required to detect the tiny magnetic torque exerted by ultrathin
samples near the 2D limit, devices are designed to support electrical contacting of the specimen, which
has remained practically challenging in the most sensitive cantilever-based torque magnetometers. To
achieve this, we (i) fabricate a transducer with minimal dimensions to reduce inertia and stiffness,
and (ii) acoustically isolate the resonator using a PnC surround to suppress mechanical dissipation,
thereby improving the quality factor ). Devices are fabricated from non-stoichiometric amorphous
PECVD silicon nitride in the form of torsional paddles and flexural beams, both with and without a
surrounding PnC.

In addition, we investigate protocols for exfoliating the vdW magnets MnPSe; and VBrs from
bulk crystals and for protecting the resulting flakes with hBN, enabling sample preparation near
the ultimate 2D limit, including few-layer flakes down to the bilayer. Finally, we demonstrate that
vdW materials can be transferred onto suspended SiNy membranes without rupturing them. This
observation suggests that vdW magnets can be stamped onto the SiNy film after definition of the PnC
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but prior to final suspension, when the remaining Si support layer still provides mechanical robustness.
Beyond protecting an air-sensitive material, hBN encapsulation can also act as a protective barrier
during the aqueous KOH release step used to suspend the PnC device.

3.2 Fabrication of torque transducers made from silicon nitride

Fabricating mechanical resonators with lateral dimensions of only a few micrometers and thicknesses
of a few hundred nanometers is inherently challenging. A generalized process flow is shown in
Fig. 3.1. The specific fabrication routes for the different device types—simple torsional paddles and
more complex resonators embedded in a PnC—follow this workflow with minor variations. Detailed
fabrication protocols for all devices presented in this work are provided in App. A.1. The generalized
fabrication procedure can be divided into six main steps:

(i) Deposition of SiNy films on both sides of the Si substrate by PECVD.
(ii) Patterning of the mask-layer SiNy by optical lithography and RIE to define the wet-etch mask.

)
)
(iii) Wet etching of Si to form alignment markers and partially open cavities.
(iv) Patterning of the device-layer SiNy by optical lithography and RIE to define the transducers.
(v) Wet etching of Si to remove the remaining Si and suspend the transducers.
)

(vi) Optional refinement of transducer geometry by focused ion beam (FIB) milling.

First, SiNy films are deposited on both sides of a Si wafer by PECVD. The backside SiNy—referred
to as the mask layer—is then patterned by optical lithography and reactive ion etching (RIE) to
define the wet-etch mask used to form alignment markers and the cavities that will later become
the SiN, membrane windows. In the window regions, the mask is designed to delay the Si etch
relative to the fully opened alignment-marker areas. Backside patterning is followed by a Si wet-etch
step that transfers the alignment markers to the front side, while leaving a residual Si layer of

a SiN,PECVD on b lithography & RIE ¢ NaOH/KOH wet etch
both sides on mask-layer w/ wet-etch chuck
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Figure 3.1: General fabrication route (chip cross-section). (a) PECVD of SiNy on both sides of a
Si substrate. (b) Patterning of mask-layer SiNy. (c) Alkaline Si wet etch from backside with protection of
device-layer SiNy. (d) Patterning of the device-layer SiNy. (e) Alkaline Si wet etch to suspend the transducers.
(f) Optional FIB milling.



3.2. Fabrication of torque transducers made from silicon nitride 31

approximately 60 pm to mechanically support the front-side SiNy over the future membrane windows
and the predetermined breaking points (PBPs). This remaining Si also provides sufficient thermal
conduction for uniform photoresist baking, which is required for subsequent patterning of the device
layer.

The wafer is then flipped and the front-side SiNy—referred to as the device layer—is also patterned
by optical lithography and RIE to define the transducers. After the transducer geometries are defined,
a final alkaline Si wet etch is carried out under milder conditions to release and gently suspend the
device layer. Finally, the lateral dimensions of the SiNy resonators can optionally be further reduced
by focused ion beam (FIB) milling.

In the following, each fabrication step in this workflow is described in greater technical detail,
including PECVD of silicon nitride in Sec. 3.2.1, optical lithography and RIE patterning of silicon
nitride in Secs. 3.2.2 and 3.2.4, alkaline Si wet etching in Secs. 3.2.3 and 3.2.5, and FIB milling in
Sec. 3.2.7. Fabrication results are summarized in Sec. 3.4.

3.2.1 Plasma-enhanced chemical vapor deposition of SiN,

We begin the fabrication by depositing amorphous SiNy films on both sides of a Si wafer, as sketched
in Fig. 3.1a. SiNy offers excellent mechanical performance, combining high hardness and durability
with the potential for high mechanical quality factors.”” In addition, SiNy is significantly more
resistant to alkaline etchants such as aqueous NaOH and KOH than Si, which is readily removed
under these conditions. This combination allows the SiNy to serve both as the structural material for
the mechanical resonators and as wet-etch mask for backside patterning.

The SiNy films are deposited in a PlasmaPro 80 PECVD reactor (Oxford Instruments). In this
plasma-assisted process, an AC voltage is applied between the sample stage (bottom electrode) and
the conductive chamber walls (top electrode) to sustain the discharge. Film growth proceeds via
plasma-induced dissociation of silane (SiH4) and ammonia (NHj3) and subsequent surface reactions of
the activated species. The overall stoichiometric reaction for SisN4 formation can be written as

The precursor gases are dissociated and partially ionized by the oscillating electric field, generating
reactive radicals and ions that are accelerated in the plasma sheath. Upon impingement on the
substrate, these species undergo surface reactions that result in the deposition of a conformal silicon
nitride film. Notably, the composition of PECVD silicon nitride is generally non-stoichiometric and
hydrogen-rich, in contrast to the stoichiometric SizNy product implied by Eq.(3.1). In practice,
PECVD yields SiN,:H; therefore, Eq. (3.1) should be regarded as an idealized net reaction.?43 We
accordingly refer to the deposited material as SiNy to emphasize its non-stoichiometric composition.

The films are deposited at 300°C, 650 mTorr, and 20 W, using gas flow rates of 20sccm SiHy,
20 sccm NHg, and 980 scem Ny. During deposition, the excitation alternates between a high-frequency
mode at 13.56 MHz and a low-frequency mode at 18 kHz. The high-frequency phase yields a tensile
SiN, film, whereas the low-frequency phase promotes compressive stress.?** By alternating 16s at
high frequency with 4s at low frequency, we obtain an overall low-stress SiNy film.

Finally, the PECVD deposition rate depends on substrate temperature, and the heated stage
exhibits a radial temperature gradient that decreases from the center toward the periphery. To
maximize thickness uniformity, we therefore process a single wafer per run and position it at the
center of the stage.

While alkaline wet etching of stoichiometric LPCVD Si3Ny is often reported to be negligible,
PECVD SiNy exhibits a small but finite etch rate in aqueous KOH and NaOH. This rate depends

on the deposition conditions, which determine the film composition and in particular the hydrogen
246-248

244,245
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For the specific PECVD SiN, process used in this work, the etch rate was quantified by de Vito.24?
Using ellipsometry to track thickness during exposure to 25 w% aq. KOH at 80 °C, he reported a slow
etch rate of ~0.5 nm/min, while maintaining high selectivity of Si over SiNy. To ensure the integrity
of the wet-etch mask throughout the full etch duration, we therefore deposit the mask layer with a
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thickness of at least 200 nm. The device-layer thickness is chosen based on the target thickness plus
the expected thickness loss during the final KOH release step used to suspend the resonator. Exact
deposition times and thicknesses for each device are given in App. A.1.

3.2.2 Patterning the SiN, mask layer

After depositing SiN, on both sides of the Si substrate, the backside mask layer is patterned by
photolithography and RIE to form a wet-etch mask. This fabrication step is illustrated in Fig. 3.1,b.
The mask comprises three distinct regions: alignment markers, SiN, windows, and predetermined
breaking points (PBPs). The alignment markers enable back-to-front alignment; the windows define
the areas in which free-standing SiNy transducers are formed from the device layer; and PBPs are
incorporated to facilitate separation of the chips from the surrounding substrate. The alignment
markers are realized as simple openings in the SiNy mask. By contrast, the SiNy windows and
PBPs are covered with a densely meshed SiNy grid that provides a controlled etch delay, as shown
in Fig.3.2. Within the grid-patterned areas, the wet-etch progression along the (100) direction is
delayed, whereas the formation of alignment markers can proceed without impediment.?* First, a
dry-etch mask is defined on the mask layer using the photoresist MICROPOSIT™ S1805 G2 (micro
resist technology) in combination with the adhesion promoter AR 300-80 new (Allresist). This liquid
primer is compatible with S1805 and substantially improves the adhesion of the photoresist to the
substrate. AR 300-80 new is applied by spin coating at 2000 rpm for 40s, followed by a soft bake
at 95°C for 2min on a hotplate. Subsequently, S1805 is spin coated at 4500 rpm for 40 s to yield a
resist thickness of approximately 430 nm, and the coating is cured for 2min at 125°C.

Optical lithography is carried out using a pPG101 pMLA laser writer (Heidelberg Instruments)
operating at a wavelength of 405nm. The lithography pattern is aligned horizontally with the
substrate’s (110) direction using the primary flat in a two-step procedure. First, the wafer is placed on
the writer stage using the alignment pins. Second, a tilt correction is applied based on the coordinates
of two widely separated points on the primary flat, selected with the integrated camera. In addition,
the exposure field is centered on the substrate using the laser writer’s automatic edge-detection
function. The substrate is focused using the “fast optical focus” function of the control software. After
completion of the alignment and focusing steps, the resist is exposed and subsequently developed in
MICROPOSIT™ MF-319 Developer (micro resist technologies) for 60s at room temperature.

In the final step of mask-layer processing, the resist-defined pattern is transferred into the SilNy
layer by reactive ion etching (RIE) using a PlasmaPro 80 system (Oxford Instruments). The SiNy is
etched in a CHF3/02 gas mixture at flow rates of 50sccm and 5scem, respectively. The chamber
pressure is set to 55 mTorr, the stage temperature to 20 °C, and the plasma is operated at a forward
RF power of 150 W. Under these conditions, SiNy is removed at a rate of approximately 22 nm/min,

a  full wafer b alignment c  single chip d window & PBP
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Figure 3.2: Lithography design for patterning the mask-layer SiNy. (a) The full layout comprises
eight chips and four alignment markers. (b) The alignment markers are used for back-to-front lithography
alignment. (c) Each chip includes a central cavity and predetermined breaking points (PBPs) around the
perimeter; both are patterned as a tightly meshed SiNy grid to delay wet etching relative to the alignment
markers. (d) Detail of the SiNy grid. The grid dimensions are chosen such that a ~25pm thick Si layer
remains in the cavity windows and PBPs when the alignment markers are fully etched.
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and the etch duration is chosen such that the full mask layer is cleared and the underlying Si is
exposed. After defining the wet-etch mask, residual photoresist is removed from both the mask and
device layers using a mild Oy plasma (20sccm, 60 mTorr, 60 W). Removing the remaining resist
by plasma etching rather than dissolution in acetone results in cleaner SiNy surfaces—particularly
important for the device layer—because it avoids re-deposition of dissolved resist during rapid acetone
evaporation. Once such residues form, they are difficult to remove using standard solvents or RIE.
Because mask-layer RIE requires placing the wafer with the device layer facing down, a polished 4" Si
wafer is used as an intermediate carrier to prevent scratching from direct contact with the rough RIE
stage surface.

3.2.3 Si wet etching using the SiN, mask layer as etch mask

Etching is fundamentally an electrochemical process governed by the redox potential between the
constituent reactants, provided that the reaction proceeds outside the diffusion-limited regime.?>!
Wet anisotropic etching using alkaline solutions of potassium hydroxide (KOH)—and, to a lesser
extent, sodium hydroxide (NaOH)—is a well-established MEMS method for etching crystalline silicon,
particularly (100) and (110) wafers. This approach exploits the crystal-orientation dependence of
252 53 and
diaphragms.?5% 25 Compared with highly toxic etchants such as tetramethylammonium hydroxide
(TMAH) and ethylenediamine-pyrocatechol (EDP), alkaline KOH and NaOH solutions are relatively
non-toxic, can be handled safely under standard laboratory conditions, and are easier to dispose of,
thereby posing a lower risk to human health and the environment. Regardless of whether aqueous
KOH or NaOH is used, the etch process follows the same reaction mechanism, with the dissolved
hydroxide ion (OH") acting as the active species, as described by the reaction equation.?°¢

Si etch rates, enabling the fabrication of precision structures such as v-grooves,?°? cavities,?

Si(s) +20H,) + 2Ho0() —— SiO2(OH); ) + 2Hy()

(aq)

After dissociation of the alkali hydroxide species in DI water, dissolved OH" first attack exposed
Si-H surface bonds followed by Si-Si bulk bonds, leading to the formation of stable, soluble silicate
ions (SiO2(OH)2 ™) and Hy. Gaseous Hy produced during the reaction nucleates as bubbles whose
release and buoyant rise can, at sufficiently high rates, induce vigorous mixing and turbulence. A
detailed discussion of anisotropic Si wet etching in alkaline solution is available by Seidel et al.2%6
Anisotropic etching in alkaline solution removes Si at different rates from the different exposed
crystallographic planes. Etch rates follow the order {110}>{100}> {111}, with the {111} plane
etching at a substantially lower rate than {110} and {100}. Consistent with this behavior, patterns
etched into a Si(100) substrate using alkali hydroxides feature sidewalls defined by {111} planes that
are tilted by ~54.7° relative to the {100} plane, i.e., the wafer’s surface.25”-25% For the substrates
used in this work, we observe a slightly larger angle of ~56°, which indicates that the wafers
are slightly thinner than their nominal thickness. In addition to depending on the etchant, the
anisotropy ratio and the overall etch dynamics exhibit a strong dependence on concentration and

{110}

{111}

Figure 3.3: Packing densities of Si atoms in different crystallographic planes. Denser packing
imposes greater steric hindrance for attack of bulk Si-Si backbonds. Correspondingly, with Si atoms being
packed most densely in {111}, followed by {100} and then {110}, etch rates in aqueous KOH or NaOH follow
the trend R{110}>R{100}>R{111}.
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Figure 3.4: Resist-patterned delay of the wet etch. A tightly meshed resist pattern locally suppresses
Si removal along the fast-etching {100} planes. The cross-section schematically illustrates etch progression in
openly exposed features (s1p) and in features with a delayed etch (s2p).

temperature.?°® While diffusion does not limit the overall etch rate, the temperature dependence of the
reaction kinetics is expected to follow an Arrhenius-type law, leading to higher etch rates at elevated
temperatures.?60 Moreover, surfaces etched at temperatures above 80 °C exhibit approximately tenfold
reduced roughness compared with etching at lower temperature.26! With respect to concentration,
the etch rate increases with the addition of etchant in the low-concentrations regime, as the higher
abundance of hydroxide ions accelerates the process. However, for concentrations above ~20 %, the
etch rate levels off and subsequently decreases.

In combination, high temperature and high concentration yield smooth surfaces. At 80°C and
25% KOH, the etch-rate ratio R{100y/R111y has been reported to be ~100, making KOH an ideal
reagent for many applications that require minimal undercut formation.252:256 Wet etching of Si with
NaOH is slightly less anisotropic, with an etch-rate ratio Ryjgo1/Ryi113 of ~40.24%22 Using 20 w%
aqueous NaOH has been reported to etch Si from {100} faces at a rate of 1.2 pm/min at 80°C.249
The anisotropic etch behavior in alkaline solutions can be understood in terms of the plane-dependent
packing density of Si atoms and the corresponding accessibility of Si backbonds, as illustrated in
Fig. 3.3.

Backside wet etching is sketched in Fig.3.1c and is performed in two stages. First, the sample
is etched at 85°C in 20w% (weight-%) aqueous NaOH (Sigma-Aldrich), which enables dynamic
etch-rate control through the use of a close-meshed grid, as shown in Fig. 3.2d. While Si is etched
at the nominal rate in the alignment-marker regions, etch progression within the larger windows
and PBPs is delayed by the close-meshed SiNy grid.2° The delay depends on the grid linewidth,
the spacing between the grid elements, and the anisotropic etch rates Rz of the crystallographic
planes; the method is schematically illustrated in Fig. 3.4.

Initially, Si is etched at the same rate across all exposed areas. Once the etch cones (cyan, area
Sap,) have fully formed, however, the fast-etching (100) plane is no longer exposed, because sidewalls
defined by {111} planes meet at the tip. This temporarily halts etching along the [100] direction until
time ¢4, when the SiNy grid has been fully underetched by the much slower lateral etching of {111}
planes. From this point onward, the etchant can again access the (100) plane without restriction.
While the (100) face is temporarily protected by the SiNy grid, openly exposed features, such as the
alignment markers, can continue etching at the nominal rate (cyan, region Sip); consequently, a delay
h; is introduced between the etch fronts. Thus, by the time the openly exposed features have etched
through the substrate, a thin Si layer remains within the delayed features (light green). The resulting
thickness h, of the remaining substrate depends on the applied grid geometry: the grid linewidth
w, the width of the exposed openings sy, and also the etch-rate ratio R0y /R{111}~ When a small
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Figure 3.5: Si wet etching using SiNx device layer as an etch mask. (a) A wet-etch chuck protects
the device-layer SiNy during (b) the alkaline wet-etch procedure. (c) Photograph of the full wafer and (d)
close-up view of a single chip showing the etched features, including the SiNx window, PBPs, and alignment
markers. (e) Micrograph of an alignment marker as observed on the device layer.

delay is desired, lower ratios are favorable, since h, o< R{100}/R{1113. Owing to its lower anisotropy
compared with KOH, NaOH undercuts the SiNy grid before the etch front in the alignment-marker
regions reaches the opposite substrate face. After underetching the SiNy grid in aqueous NaOH,
the reaction is quenched, the sample is rinsed, and subsequently transferred to a 25 w% aqueous
KOH solution at the same temperature. The sample is then etched in KOH with reduced undercut
formation until the alignment markers become fully transparent. For both reactions, in KOH and
NaOH, the etch rate Ryiggy of Si at 85°C is approximately 1.55p1m/min.?*! Figure3.5 shows the
sample after wet etching and the wet-etch chuck (AMMT, Single OW) used to protect the device
layer from the etch solution.

3.2.4 Patterning the SiN, device layer

With alignment markers in place for back-to-front alignment of the features—mnamely, the backside-
opened windows and the transducers defined in the frontside device layer—the device layer can be
patterned. This fabrication step is sketched in Fig.3.1d. The SiN, device layer is machined using the
same techniques as for preparation of the mask layer, and the procedure follows the same sequence:
spin coating of the adhesion promoter AR 300-80 new, followed by spin coating of the photoresist
S1805, photolithography, development in MF-319, and a final dry-etch sequence to (i) shape the
transducers using a CHF3/02 mixture and (ii) remove residual resist with a mild Oy plasma to obtain
a clean SiN, surface.

3.2.5 Suspending the SiN, device layer

With the SiNy transducers defined in the device layer, the individual chips are broken off from
the substrate, and subsequent processing is performed on single chips, as shown in Fig.3.6a. To
suspend the device layer, the sample is etched again in 25 % aqueous KOH, however at a reduced
temperature of 65—75°C. This lowers the reaction rate and, consequently, the rate of Hy generation,
thereby providing the mild conditions required to suspend the device layer gently without breakage.
During suspension, the SiNy of the device layer is freely exposed and etched at a very low rate of
approximately 0.15-0.3nm/min, depending on temperature. This material loss is compensated by
initially depositing a thicker SiNy film than the target thickness. The reaction is stopped once the
windows become fully transparent.

Afterwards, the etchant is diluted with 65 °C warm DI water to a target concentration of <0.1%,
while keeping the sample immersed at all times. The reaction is then quenched in DI water for 40 min
before performing a second solvent exchange: the DI water is replaced with 50 °C warm IPA—again
keeping the sample immersed at all times—until the solution reaches a water concentration of <0.5 %.
The sample is then kept in 50 °C warm isopropyl alcohol (IPA) for 10 min to allow residual H,O to
desorb from the SiNy surface. Finally, the sample is lifted out of the solvent and held just above the
solvent level for an additional 10 min, allowing it to dry gently in an IPA-enriched atmosphere and
thereby reducing stress induced by the solvent’s surface tension. The result is sketched in Fig. 3.1e,
and exemplary structures obtained after suspension are shown in Fig. 3.6b—d.
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Figure 3.6: Suspending SiNx structures using Si wet etching. (a) Devices are released by Si wet
etching of single chips. The approach is applicable for suspension of (b) unpatterned SiNx membranes as well
as patterned films, such as (c¢) simple torsional paddles or (d) more complex architectures incorporating a
PnC.

3.2.6 Attachment of magnetic sample

After successful fabrication of the SiNy transducers, a magnetic nanotube (NT) is transferred onto the
transducer using a micromanipulator (Narishige) and attached with UV-curable glue (Norland Optical
Adhesive, NOA 60). The NT consists of amorphous cobalt iron boron (CoggFegoBag) surrounding a
non-magnetic gallium arsenide (GaAs) core with a hexagonal cross-section. The NT has an outer
diameter of approximately 260 nm, including the ferromagnetic CoFeB shell, which is (30 £ 2) nm
thick.™

The micromanipulator system is a hydraulic apparatus that enables controlled motion of the
manipulator arms in the x, y, and z directions with sub-pm precision. For this application, the
manipulator arms are equipped with extremely fine glass needles. The needles are fabricated from
glass rods (Narishige, G-1000) using a needle puller (Narishige, PC-100), yielding tips with a diameter
of ~0.5 um.

3.2.7 Reshaping the SiN, transducer by gallium FIB milling

FIB milling is a highly versatile technique in science and industry for shaping solid materials on the
micro- to nanometer scale. This fabrication step is sketched in Fig. 3.1,f. We use a dual-beam FIB-
SEM (FEI Helios Nano Lab 650) at the Nano Imaging Lab (University Basel) to mill the SiNy surface
and remove material. The system employs gallium ions (Ga®*) and provides acceleration voltages of
up to 30kV. FIB milling enables the creation of precise features, such as high-aspect-ratio holes and

263,264 hiogsensors,?%® and sample

conical geometries, for applications including nanopore fabrication,
preparation for transmission electron microscopy (TEM), e.g., lamella cutting.?’® However, patterning
suspended SiNy films with a gallium FIB can be challenging due to ion-beam-induced charging of
the target, re-deposition, thermal damage, and material swelling caused by ion implantation.267,268
Mitigating these effects requires careful tuning of FIB parameters, such as beam focus, acceleration
voltage, and ion current, depending on the task.

In this work, FIB milling is used to reshape and refine transducers that were previously fabricated
using PECVD, photolithography, and RIE, as described in Sec. 3.2.1-3.2.5. Prior to FIB milling, a
thin 2 nm-thick gold film is sputtered onto the existing transducer to protect the SiNy structure from
damage due to electrostatic charging.

3.2.8 Torque transducer designs

This section describes the designs of all SiNy-based torque transducers that were fabricated and
experimentally characterized in the course of this thesis.

Simple torsional paddles

In a first attempt, we fabricate simple torsional paddles without a phononic crystal. The lithography
design is shown in Fig. 3.7, together with optical images of the resulting torsional paddle embedded
in a free-standing SiNy membrane. After mechanical characterization of this initial device, its lateral
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Figure 3.7: First fabricated torque transducer: torsion paddle 1. (a) Free-standing SiNy film
featuring a 4 x 4 array of identical torsional paddles. (b) Optical micrograph after attachment of a magnetic
CoFeB nanotube. (c¢) Optical lithography layout used for the fabrication of the torque transducers.

dimensions are further refined by gallium FIB milling, with the aim of reducing the span width to
~200 nm. We refer to the first device as torsion paddle 1 and to the second device, produced by FIB
milling, as torsion paddle 2. More detailed SEM images, including measured dimensions, are provided
in Fig.3.16 and 3.17 in Sec. 3.4.1.

Torque transducers embedded in a PnC

After successfully fabricating the simple torsional paddles, we proceed to transducers embedded in
a PnC. The three lithography designs used to pattern the device layer are shown in Fig.3.8. The
first device, PnC paddle 1, incorporates a PnC composed of 13 x 7 unit cells. The other two devices,
PnC paddle 2 and PnC beam 1, incorporate a PnC with 10 x 6 unit cells. For all devices, the unit
cell measures 175 pm x 301 pm. The hexagonal PnC platforms are 30 pm across, and the tethers are
designed to be 3pm wide. PnC paddle 1 and 2 use a torsional paddle as the defect center, whereas
PnC beam 1 uses a double-clamped beam. For PnC paddle 2, seven torsional paddles with varying
bridge span widths are fabricated in parallel, increasing the probability of obtaining a torsional paddle
with the target span width of ~2.0 pm.

3.3 Preparation of few-layer samples from vdW materials

Van der Waals (vdW) materials are uniquely suited for fabrication of so-called 2D materials with only
few atomic layers due to their strong covalent intra-plane bonding in concert with their comparatively
weak inter-layer adhesion solely by weak van der Waals interaction. This combination makes them
ideal for cleavage along the atomic plane to yield few- or even mono-layers which can be re-combined
with pristine interfaces to create heterostructures with unprecedented thermal, optical, electronic, and
magnetic properties.3” Exploration of this extremely rich zoo of low-dimensional combined materials
and their behavior holds the prospect to control and engineer their physical properties and tailor
them towards improvement of existing devices and development of new technologies.

3.3.1 Exfoliation from bulk vdW crystal

Production of vdW heterostructures starts with exfoliation of bulk crystal by micro-mechanical
cleaving. By this method, the thickness of the starting material is gradually reduced down to only
few layers or even a mono-layer.'% 269 In this form, extremely fragile vdW materials—as for example
VBrj3 sample which is highly hygroscopic—can be encapsulated with hBN for protection. Since hBN
is inert under ambient conditions, it can be easily exfoliated in atmosphere. Highly air-sensitive
materials on the other hand, must to be handled inside a protective environment at all times prior
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a PnC paddle #1

b PnC paddle #2 ¢ PnC beam #1

Figure 3.8: Torque transducer designs with PnC surround. Lithography mask layouts of (a) PnC
paddle 1, (b) PnC paddle 2, (c) PnC beam 1, and (d) the PnC unit cell. PnC paddle 2 integrates seven
torsional paddles. Each paddle consists of a 15 pm x 10 pm central platform (widthxlength) connected by a
10 pm-long bridge on either side, with bridge widths varied between paddles. Optical micrographs show (e) a
complete PnC device and (f) a ~1 pm mismatch between the Si frame and the PnC pattern.

to encapsulation. Hence, such materials are exfoliated inside a dedicated inert gas glovebox system
(Braun UNIlab pro) under Na-atmosphere with Oz- and HyO-levels controlled below 2 ppm. Under
these conditions, thin-layers of VBr3 and especially its mono-layer specimen still degrades within
24 h. This requires VBr3 to be exfoliated and encapsulated on the same day.

hBN is exfoliated using adhesive tape (Nitto, ELP BT-130E-SL), while regular adhesive tape
(Scotch Magic Tape) is used for exfoliation of VBr3. For both materials, it is recommended to use two
separate pieces of tape for exfoliation instead of using a single piece which is then folded onto itself.
Using two separate pieces improves yield of larger flakes. One of the tapes is fixed on the bench using
double-sided tape, and a bulk piece of vdW crystal is place on it. Then, the second tape is placed on
top of the bulk crystal, and after making good contact it is exfoliated once, and the bigger of the
two exfoliated bulk pieces is removed from the tape with tweezers. The vdW material remaining on
the tapes can now be thinned down by repeating exfoliation. It is best to keep the contact angle as
low as possible when separating the tapes to reduce the risk of cracking flakes. Once the few-layer
regime has been achieved—i.e., when exfoliated material on the adhesive tape are almost invisible
by eye—the flakes are transferred to a Si substrate with a 285 nm SiOy layer (NOVA Electronic
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Figure 3.9: Mechanical exfoliation of vdW materials Few-layer regions of vdW magnets (a) MnPSes
and (b) VBr;s identified using optical microscopy combined with atomic force microscopy. Numbers indicate
the number of layers determined using AFM.

Materials). The substrate is pre-treated using RIE (20 sccm Og, 60 mTorr, 30 W for 5 min) and baked
for 3h at 200 °C before exfoliation. Oq-plasma slightly increases the substrate’s surface roughness to
improve adhesion of flakes, while heating for an extended period inside the glovebox helps remove
residual moisture from the surface. For efficient transfer from tape to Si substrate, the tape is gently
pressed against the substrate to make good contact. After letting the assembly rest for about a
minute, the tape is very slowly released from the chip at the lowest possible contact angle. A few
exemplary exfoliation results are shown in Fig. 3.9. Exfoliated flakes are inspected under the optical
microscope to identify specimen with only few layers, and their exact thickness is determined using
an atomic force microscope (Nanosurf, Drive AFM) before further processing.

3.3.2 Isolation of flakes

Often times, the most interesting flakes—i.e., thin flakes in the few- to mono-layer limit, or flakes
that feature multiple regions with different suitable layer-numbers and sufficient lateral size—are
located within a dense “forest” of other flakes close-by. Having other flakes nearby can make picking
up a given target flake very difficult, or in the worst case impossible. Pick-up is especially hard when
flakes in vicinity are substantially thicker than the target object itself. In such cases, they do not
only prevent making good contact between the stamp and target flake, but also complicate making
a controlled approach as other flakes act as pinning sites for the contact line. In order to still be
able to make a sample from such embedded flakes, we use a custom-made scribe holder (machine
shop, in-house) which accepts tungsten carbide tips (item 10130-10, Fine Science Tools) with a tip
diameter of 1pm. The scribe holder can be mounted on the micromanipulator arm of the transfer
setup. This does not only allow removal of material in the target’s vicinity, but also dissection of
the target with almost micrometer-precision as shown in Fig.3.10. The procedure creates numerous
smaller chippings from the flakes that are removed or dissected, and parts of the debris can be picked
up and removed using a PC/PDMS (poly(bisphenol A carbonate)/polydimethyl siloxane) stamp.

3.3.3 Protection of vdW materials

After all required vdW materials are prepared—i.e. a magnetic flake and an hBN flake for
encapsulation—the individual flakes can be picked up and stacked using a PC/PDMS stamp to form

Figure 3.10: Mechanical isolation of flakes. Optical images of (a) MnPSes and (b) VBrs before and
after removal of adjacent material. Close-up views of the flakes of interest are shown in Fig. 3.9.
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a protected magnetic vdW heterostructure. This way, the few-layer vdW magnet is protected from
degradation by atmospheric HoO and Os during mounting and alignment in the measurement setup
which can take a few hours. We employ the dry transfer technique to stack vdW materials using a
PC/PDMS stamp composed of a thin poly(bisphenol A carbonate) film tensioned over a polydimethyl
siloxane pad.270:271
allows fabrication of complex vdW heterostructures, and provides a controlled mechanism for drop
off and placement of the final stack.2”?> The production of PC/PDMS stamps, the method to pick up,
stack, and transfer vdW flakes, and precision dicing are described in the following.

Production of PC/PDMS stamps

The stamp is assembled on a standard microscope slide, which serves as a rigid support for the
PC/PDMS stack as schematically shown in Fig.3.11. The PDMS pad is prepared from commercially
available 0.4 mm-thick gel film (Gelpak, DGL film X4), cut into 2mm x 30 mm strips. The strips are
cleaned by immersion in acetone and subsequently in isopropyl alcohol for 1 min each, then dried
on a microscope slide with the thinner side facing downward. The dried strips are exposed to Og
in a UV-ozone cleaner for 10min. They are then diced into ~2mm X 2mm pieces and mounted

This method provides excellent position and orientation control while stacking,

onto a clean microscope slide at the center of the hole of previously attached adhesive tape (Scotch
Double-Sided Tape), as shown in Fig.3.11b. The PC film is prepared from a 30 % solution of

a

single-sided
tape
L

Figure 3.11: Production of PC/PDMS stamp. (a) Preparation of window made from PC film, (b)
assembly of PC/PDMS stamp, and (c) product and cross-section view of complete PC/PDMS stamp.

poly(bisphenol A carbonate) in chloroform (CHCls). Five drops of the solution are dispensed onto a
clean microscope slide, and a second clean slide is placed on top. After the solution has fully spread
and wetted the interface between the slides, the top slide is removed using a swift, uniform motion.
As the CHCIl3 evaporates, a thin PC film remains on the substrate. A “PC window” is then formed
by using standard adhesive tape with a circular opening as a supporting frame. The framed PC
film is aligned above the PDMS pad, slowly lowered, and gently tensioned across it. This yields the
assembled PC/PDMS stamp, as schematically shown in Fig. 3.11c. For stamps intended for glove-box
operation, the PC film is additionally punctured at a location far from the PC/PDMS stack. This
venting prevents bulging of the tensioned PC membrane when the stamp is subjected to vacuum in
the glove-box load-lock.

Stacking vdW materials

To cover an air-sensitive vdW magnet with a protective hBN layer, fabrication of the vdW stack
begins by picking up the hBN flake first as schematically shown in Fig.3.12al-a2. The PC/PDMS
stamp is preferably aligned such that the hBN flake—and thus the final stack—Ilies close to the
stamp’s touch point, while remaining offset to allow the contact line to be advanced over the target
flake in a controlled manner after initial contact. As the stamp approaches the substrate, a circular
interference pattern becomes visible immediately before contact; its center defines the touch point.
After contact is established, the temperature is increased to 60 °C, causing thermal expansion of the
stamp and a radial growth of the contact area from the touch point. The contact line is allowed to
advance until just before reaching the target flake. Further advance is inhibited by steadily retracting
the stamp while it continues to expand. Images of the procedure are shown in Fig. 3.13.
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Figure 3.12: Stacking and transfer of vdW materials and precision dicing. (a) Pick-up of hBN
flake, (b) transfer of hBN on top of magnetic vdW material by melting the PC film, (c) vdW material covered
by hBN after removal of PC residues, and (d) precision dicing of chiplets to locate magnet near the chip edge.

The temperature is then increased to 90°C, and the contact area is permitted to extend across
the target flake and by an additional ~100—150 pm. Any further propagation of the contact line is
again suppressed by continuous, controlled retraction of the stamp during the temperature ramp.
Once 90 °C is reached, the stamp is held in this configuration for 2 min to promote intimate contact
between the PC film and the vdW flake, thereby improving adhesion.

Subsequently, the sample is cooled in 5°C increments. During cooling, the stamp contracts and
the contact line retracts slowly; the target flake is picked up as the contact line recedes.

The substrate chip can then be exchanged for a second chip carrying another exfoliated vdW
material (e.g., VBr3 or MnPSes), and the approach sequence is repeated: the PC/PDMS stamp is
brought into contact, the contact line is advanced across the flake, and the stamp is subsequently
retracted to retrieve the target flake. Iterating this procedure enables stepwise assembly of a vdW
heterostructure on the stamp.270-272

Deterministic transfer

Finally, after picking up either a single flake or many flakes to form a multilayer vdW heterostructure,
the material can be transferred to a designated target position using a temperature-controlled release
sequence, as illustrated in Fig.3.12b1—-b3. The stamp is first brought into contact with the target
substrate surface. The flake/heterostructure is then released by heating to 170 °C, where the PC
melts and the flake/heterostructure is deposited onto the substrate. During melting, the PC film
detaches from the PDMS, allowing the stamp to be retracted slowly while leaving the sample on the

Figure 3.13: Pick-up of vdW flake. (a) Before advancing the contact line across the target flake, (b)
before retracting the contact line, and (¢) after pick-up.
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Figure 3.14: Encapsulation of vdW magnet with hBN. (a) MnPSes and (b) VBrs before and after
capping with hBN.

chip together with residual PC (Fig. 3.12b3).

Residual PC is removed by immersing the entire chip in dichloromethane (CH3Clz) for 10 min at
room temperature. Gentle immersion with minimal agitation reduces the likelihood of detaching the
sample during this cleaning step. Examples of hBN capping are shown for MnPSe; and VBr3 in
Fig. 3.14.

For air-sensitive vdW materials, optimal protection is achieved by full, double-sided encapsulation
with hBN or graphene and is essential for highly sensitive materials, particularly in the few-layer
limit.2”® This provides superior sealing due to the atomically flat interfaces, while in contrast, partial
encapsulation can still permit gradual ingress of air through microscopic channels associated with the
finite roughness of the substrates SiO4 surface. Nevertheless, if a sensitive flake cannot be retrieved
(and full encapsulation is therefore not feasible), one-sided hBN coverage can serve as a fallback

approach and may provide transient protection, depending on how air-sensitive the material is.273274

Precision dicing

Sometimes, flakes of interest cannot be retrieved with the PC/PDMS stamp because their adhesion
to the Si exfoliation substrate is too strong. Consequently, such flakes cannot be incorporated into a
vdW heterostructure or deterministically positioned at a defined location on the target chip. For
measurements with our nanowire magnetic force microscopy setup, the vdW magnet must be located
within approximately 50 pm of the chip edge. When deterministic transfer fails to meet this positional
requirement, we define the chip geometry by precision dicing.

Prior to dicing, the chip surface carrying the vdW sample is protected with a ~230nm layer of
PMMA 950K (Kayaku Advanced Materials), spin-coated at 4000 rpm for 40s and cured at 180 °C
for 60s. The chip is then diced using an automatic dicing saw (DAD 3240, Disco), as illustrated
in Fig.3.12d. The dicing blade has a width of 45 pm, which sets the width of the cutting trench.
After dicing, the PMMA is removed by immersing the sample in acetone for several minutes. This
procedure enables placement of vdW heterostructures in close proximity to the chip edge with high
precision and high yield; two representative examples are shown in Fig. 3.15.

Figure 3.15: Precision dicing of Si chips. Examples of (a) MnPSes and (b) VBr3 positioned within
30-40 pm from the chip edge after dicing. Chipping near the newly created edge happens on the order of
about 5 pum away from the cutting trench.
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Figure 3.16: SEM micrographs of torsion paddle 1. (a) Left bridge, (b) complete device, and (c) right
bridge.

3.4 Results

Following the fabrication of SiNy-based torque transducers with and without phononic crystals (PnCs)
in Sec. 3.2 and the preparation of few-layer samples of magnetic vdW materials in Sec. 3.3, we present
the corresponding results. We first report the fabrication outcomes for the simple torsional paddles,
and subsequently for the more complex torsional transducers integrated into a PnC. The section
concludes with the results of preparing magnetic vdW materials in the few-layer to monolayer regime,
including their protective encapsulation with hBN.

3.4.1 Standalone torsional paddles

SEM images of the first SiNy torsional paddles fabricated using standard microfabrication procedures—
PECVD of SiNy, lithography, dry etching, and wet etching—are shown in Fig. 3.16. We refer to this
device as torsion paddle 1. Ellipsometry of the SiNy film yields a nominal thickness of (198 4 10) nm,
in good agreement with the thickness reduction expected from SiNy loss during wet etching.

The lateral dimensions of the bridge segments in torsion paddle 1 are up to 0.4 pm smaller than
specified in the lithography design. Consistent with this reduction, the corresponding bridge spans are
slightly longer than intended. In addition, the abutments and midspan junctions are rounded rather
than forming sharp right angles, which we attribute to the finite spot size of the direct laser writer.
The measured span widths of 635nm and 646 nm are on the order of the laser writer’s resolution
(~1pm).

Following mechanical characterization of torsion paddle 1, we further refine the bridge spans
by focused ion beam (FIB) milling. After this post-processing step, the span width is reduced to
~219nm, and the abutments and midspan junctions exhibit well-defined right angles. This yields
a transducer with bridge dimensions well below the direct laser writer’s resolution. The resulting

Figure 3.17: SEM micrographs of torsion paddle 2 after FIB milling. (a) Left bridge, (b) complete
device, and (c) right bridge. Micrographs are acquired at a tilt; therefore, the paddle width (vertical axis)
appear reduced. Images (a) and (c) were cosmetically edited to remove measurement annotations only; the
unmodified originals are provided in Appendix A.1.1.
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Table 3.1: Dimensions of torsion paddles 1 and 2. Comparison of design and fabricated
dimensions, including percent deviations. Averaged values are given for the bridge segments.

torsional data d der wy, wy'™ L, T ow,  wy” lp l;”
paddle m] (%] [@Wm]  [%]  [pm] [%] [am]  [%]  [am] %]
design 200 1000 3.1 20.0 10.0
1 fabrication 199 . 641 90 36 9 198 "1 g9g 2
design 200 3.6
2 fabrication o 219 10 3.6 0 o o o o

Note: d denotes the thickness, w (I) the width (length), subscript b (p) the bridge (paddle), and — indicates
data not available.

device is shown in Fig. 3.17 and is referred to as torsion paddle 2.

Measured dimensions for torsion paddles 1 and 2 are summarized in Tab. 3.1, together with the
corresponding design values and relative deviations. Overall, FIB reshaping enables the fabrication of
torque transducers with bridge segments only a few hundred nanometers wide. This advantage comes
at the cost of gallium implantation and low throughput, since FIB processing is performed serially on
individual devices, in contrast to parallel lithographic fabrication.

3.4.2 Torsional paddles embedded in a PnC

The SiNy torque transducers embedded in a PnC that are investigated in this work are shown in
Fig.3.18a—c. As a first design iteration, we fabricated a single, comparatively large torsional paddle
with long bridge spans located at the center of the PnC; this device is referred to as PnC paddle 1.

The second device incorporates seven torsional paddles with equal platform size and different
bridge-span widths. This multi-paddle layout is motivated by the observation that feature sizes
defined by optical lithography can deviate by up to £0.6 pm from the nominal design, primarily due
to small variations in the laser focus between exposures. By fabricating seven paddles in parallel,
each with a different bridge-span width, we increase the likelihood of obtaining a resonator with a
bridge width close to the target value of 2.0 pm, such that the fundamental torsional resonance lies
within the phononic band gap. This device is denoted PnC paddle 2.

Finally, we fabricated a third device in which the central defect forms a double-clamped flexural
beam, referred to as PnC beam 1. This design is used to assess whether the second-harmonic of
flexural mode of the beam can serve as the sensing mode for dynamic torque magnetometry. Measured
dimensions of all PnC devices—PnC paddles 1 and 2, and PnC beam 1—are summarized in Tab. 3.2,
together with the corresponding design values (see also Fig.3.8) and the resulting percent deviations.
Overall, the fabricated lateral dimensions agree well with the designs, with percent deviations below
24 %. The largest apparent deviation, up to 2pm in I, for PnC paddle 1 and PnC beam 1, occurs for
measurements performed with a 20x objective, indicating a larger measurement uncertainty compared
to measurements acquired with 50x or 100x objectives. Restricting the analysis to data obtained
with 50x and 100x objectives, the maximum deviation is 0.6 pm, comparable to the photolithographic
transfer fidelity previously observed for torsion paddle 1 in Sec. 3.4.1.

A detailed analysis of the SiN, thickness for PnC paddle 2 and PnC beam 1 is provided in App. A.2,
and the results are given in Tab. 3.2. The SiNy thicknesses are estimated from the etch rates of SilNy
in aqueous KOH and the exposure time during device suspension. For PnC paddle 1, we do not
provide a thickness estimate because uncontrolled exposure of the device layer—caused by etchant
leakage into the wet-etch chuck cavity during the first backside wet etch—results in substantial,
poorly constrained uncertainty in the thickness estimate.

In contrast, the SiN, thicknesses of PnC paddle 2 and PnC beam 1 are calculated based on
well-controlled etch conditions, giving final values of (116 & 10) nm and (108 £ 10) nm, respectively.
These values are close to the designed target value of 100 nm, corresponding to percent deviations of
(16 = 10) % for PnC paddle 2 and (8 + 10) % for PnC beam 1. Disregarding the SiNy thickness of
PnC paddle 1, the designed PnC geometries are reproduced with high fidelity, with deviations of only
a few percent. The PnC unit cell is well defined, with dimensions of ~175um x 301 pm. Moreover,
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a PnC paddle #1 b

c PnC beam #1
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Figure 3.18: SiNx torque transducers in a PnC surround. (a) PnC paddle 1, (b) PnC paddle 2, and
(c) PnC beam 1. The bottom image in (c) was cosmetically edited to remove measurement annotations only;
the unmodified original is provided in Appendix A.1.1.

the lateral offset between the Si frame and the SiNy window is on the order of 1 pm, as shown in
Fig. 3.19. This offset arises because the Si window etched from the backside becomes slightly larger
than intended, rather than from a front-to-back alignment error. Indeed, the back-to-front alignment
between the cavity defined in the mask layer and the PnC membrane in the device layer is excellent.
The dimensions of the hexagonal PnC platforms and tethers are likewise well controlled and agree
with the design to within 0.2 pm.

Table 3.2: Dimensions of PnC paddle 1, PnC paddle 2, and PnC beam 1. Comparison of design
and fabricated dimensions, including relative errors.

d e wy, wi™ L, BT w, w1
PaC  date o o g ) feal 9 Genl G0 Gl (4
pddle ] (o T~ G0 0 3y O gy 1 g5 !
paddle 2 fa‘tc)lreiiizirilon 11é (f 10 10 ?:g —2 }8:2 4 }Z:g - 19().60 -
beam 1 faszi;gtrilon 10;8210 s g:g -7 gig ! 190.60 - 190.60 -

Note: d denotes the thickness, w (1) the width (length), subscript b (p) the bridge (paddle), and — indicates data
not available.
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Figure 3.19: PnC structure and back-to-front alignment. (a) PnC unit cell. (b) PnC platform and
bridge segments. (c) Back-to-front alignment between the suspended PnC membrane and supporting Si
frame.

3.4.3 Few-layer samples from vdW materials

By following the exfoliation and protection protocol described in Sec. 3.3, we can prepare few-layer
flakes of the vdW magnets MnPSes and VBr3 and temporarily mitigate air-induced degradation by
capping them with hBN. Precision dicing further enables reliable positioning of a selected flake close
to the edge of a substrate chip. In three trials, this approach succeeded in all cases where dry transfer
using a PC/PDMS stamp failed. Representative samples are shown in Fig. 3.14, with corresponding
AFM characterization in Fig. 3.9.

We also evaluated direct stamping of vdW material onto free-standing SiN, membranes using the
vdW magnet CrSBr. Despite the membrane thickness of only 50 nm, we found that vdW flakes can
be transferred onto the membrane without rupturing it. An example of successful placement using
dry viscoelastic transfer is shown in Fig. 3.20. Notably, the membrane remains intact even when the
PC/PDMS stamp establishes extended contact across the full area of the suspended SiNy window.

Figure 3.20: Stamping vdW material CrSBr directly onto a suspended SiNy membrane.
(a) Overview of 50 nm-thick SiNyx window after transfer of the vdW magnet CrSBr. (b) Magnified view of
the same sample.

3.5 Discussion

Our results demonstrate the fabrication of suspended SiN, torque transducers both with and
without an integrated PnC surround. Using standard microfabrication processes—PECVD deposition
of SiNy, optical lithography, reactive ion etching, and wet etching of Si—we obtain SiNy-based
mechanical torque transducers with high dimensional accuracy and good reproducibility. Lateral
feature dimensions defined above the direct laser writer resolution limit are formed with high fidelity,
exhibiting deviations below 24 % relative to the nominal design. The fabrication method yields SiN,



3.5. Discussion 47

thicknesses close to the target value of 100 nm, with deviations below ~16 % under controlled Si
wet-etch conditions. Back-to-front alignment of features—for opening the cavity from the wafer
backside and patterning the PnC structure on the frontside—is excellent, with negligible offset and
rotational registration errors, while the size mismatch is on the order of ~1 pm.

Run-to-run dimensional imprecision is primarily attributed to changes in the effective laser spot size
arising from small variations in focus settings. Such focus variations can translate into dimensional
offsets of up to £0.6 pm while working comfortably above the laser writer’s resolution limit. One
strategy to mitigate this sensitivity is to pattern multiple transducers with deliberately varied
dimensions within a single device, as implemented for PnC paddle 2. In this approach, bridge widths
are distributed around a target value, thereby increasing the likelihood of obtaining at least one
device within the desired tolerance.

Finally, we show that an already-fabricated torque transducer—initially defined by lithography
followed by dry and wet etching—can be further refined by FIB milling. This post-processing enables
SiN, resonator features below the direct laser writer’s resolution limit, as demonstrated by torsion
paddle 2 with a bridge width of only ~200 nm. Ga FIB milling, however, introduces gallium implanta-
tion, which can cause material swelling and modify the intrinsic film stress. Moreover, FIB processing
is inherently serial and therefore limited to reshaping individual devices rather than enabling parallel
batch fabrication.

We also describe the preparation of few-layer flakes from bulk vdW magnets—using MnPSe3 and
VBr3 as representative examples—by standard micromechanical cleavage. Since these materials
degrade in air, the flakes are transiently protected by capping with hBN. Notably, the highly
air-sensitive vdW materials, such as Crlz, have been reported to still degrade rapidly even after
top-capping and therefore require encapsulation from on sides. Finally, we show that when flakes of
interest are surrounded by larger flakes that obstruct pick-up or capping, the excess material can be
efficiently removed with a tungsten carbide micro-needle, enabling recovery of the target flakes. For
nanowire-MFM studies, the magnetic flake must be positioned near a chip edge. We show that, when
dry viscoelastic transfer fails to achieve the required placement, precision dicing provides a robust
alternative. Using this approach, samples can be positioned reproducibly within 30 pm of the chip
edge. The resulting cut trench exhibits minor edge chipping extending up to 8 pm laterally into the
substrate; therefore, even smaller sample—edge distances may be achievable.

The fabrication capabilities established in this chapter form the foundation for producing SiNy
torque transducers integrated into PnCs and for preparing few-layer magnetic vdW samples. Together,
these developments enable the integration of vdW magnets with engineered mechanical transducers
toward torque sensors with the sensitivity required to probe minute magnetic moments. A key
remaining challenge is the attachment of vdW flakes to the delicate, fully suspended PnC devices.
Once the structures are released, viscoelastic transfer is no longer applicable. However, vdW flakes
can be transferred onto the device after patterning of the device layer but prior to final suspension.
At this stage, the residual thinned Si layer beneath the SiNy film still provides sufficient mechanical
support to tolerate stamping.

In this integration scheme, the vdW stack must withstand the subsequent release step in aqueous
KOH. For air-sensitive materials, encapsulation is required in any case and the chemically resistant
hBN provides protection during alkaline etching. Nevertheless, the stack could still be displaced from
the SiNy surface during the final suspension and rinse steps. If this proves limiting, additional fixation
strategies will be required, for example by forming local clamps via focused electron-beam-induced
deposition (FEBID) of Pt, or by applying a small PMMA droplet to secure the flake.






Mechanical characterization of torque
transducers

In this chapter, the torque transducers fabricated in Ch. 3 are characterized in terms of their mechanical
properties and, when possible, their dynamic torque-sensing performance. After a brief introduction in
Sec. 4.1, the characterization procedure is described in Sec. 4.2. This is followed by the characterization
of torque transducers in Sec. 4.3, and concludes with discussing the results in Sec. 4.3.

4.1 Introduction

Dynamic torque magnetometry relies on ultra-sensitive mechanical resonators to transduce a minute
torque into a detectable shift in the resonator resonance frequency. The minimal torque sensitivity of
such transducers is set by its mechanical properties, in particular the moment of inertia and stiffness,
and the mechanical dissipation of the sensing mode. SiNy resonators are an attractive platform in
this context, as they combine low mass, stiffness, and intrinsic high @) with the compatibility for
integrating nanoscale samples and also electronic contacts. In addition, embedding a defect resonator
in a PnC structure has been proposed as a route to suppress radiative losses to the environment,
thereby strongly enhancing the quality factor via acoustic shielding.

Here, we report a systematic characterization of PECVD SiNy torque transducers fabricated in this
work—ranging from standalone torsional paddles to devices embedded in a PnC structure—using
broadband spectroscopy, ring-down measurements, dynamic torque magnetometry, and finite-element
modeling. Standalone torsion paddles 1 and 2 achieve minimum torque sensitivities of 9 - 10722 and
6 - 10722 Nm/ VHz, respectively, comparable to state-of-the-art Si cantilevers. We confirm robust
engineering of phononic band gaps and, for PnC paddle 2, placement of the torsional defect mode
inside the stop band at 450—-690kHz. Under cryogenic conditions, this mode has fy = 522 kHz,
Q = 6.6 - 10°, and achieves a minimum torque sensitivity of 7, = 1.2 - 10722 Nm/+/Hz, slightly
surpassing highly sensitive state-of-the-art Si cantilevers. We find that dissipation in our devices is
dominated by intrinsic dissipation, with clamping losses contributing only weakly. An additional PnC
beam device confirms phononic band-gap formation but reveals strong nonlinearities and limited drive
efficiency for an acoustically protected defect mode, constraining its utility for torque magnetometry.
Overall, we conclude that significant improvement of torque sensitivity of the present devices will
primarily require reducing intrinsic dissipation rather than relying on phononic isolation.

4.2 Characterization procedure

The torque transducers introduced and fabricated in Ch. 3 are characterized using the DCM measure-
ment setup described in Sec.2.3.1. After mounting the sample, the sample chamber is evacuated to
a pressure <1076 mbar and cooled down to 58K depending on thermal coupling. In a first step,
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the driving frequency is swept across a large frequency range in order to probe the overall frequency
response of the mechanical resonator. For torsion paddle 1 and 2, and PnC paddle 1 and 2, the
goal is to identify the fundamental torsional resonance, and for PnC beam 1, the second-harmonic
flexural resonance. Furthermore, for all PnC devices, we aim to confirm the presence of a phononic
band gap and check if the relevant mechanical mode is located inside the phononic band gap. In
a second step, the mechanical characteristics of each device are studied in more detail in order to
determine the exact mode frequency fy and quality factor Qg. This is achieved by sweeping the
driving frequency across specific response peaks with high resolution while recording the corresponding
out-of-plane displacement signal. Measurement results and mode-assignments are further validated by
reconstructing the measured response using FEM modeling in COMSOL Multiphysics. In addition, the
FEM model is used to determine the effective moment of inertia Jeg of transducers, which—together
with fo—is used to determine the effective spring constant keg. After data collection, response peaks
are fitted using a Lorentzian lineshape which provides a good approximation to the response of a
simple driven damped harmonic oscillator in the high-Q regime. Treating the problem in Fourier
space, the displacement signal is proportional to the AC voltage Upp detected by the photodiode
(PD) via interferometric laser readout and it follows the relations

. R 7 1

Upp(w) x Z(w)= —_— (4.1)
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where wq is the angular resonance frequency, ) is the mechanical @Q-factor, and 7 denotes the driving
torque. The composite term 7/ Jeg determines the displacement amplitude times Q/w? at resonance.
Fitting is performed treating wg, 7/Jofr, and Q as free parameters, and the resonance frequency is
deduced from resulting fit parameters. Q-factors are further determined more accurately using the
ring-down method and fitting the observed exponential mode decay. When possible—i.e., when
the mechanical mode is well defined, as is the case for simple paddles 1 and 2, and PnC paddle
2—dynamic torque magnetometry is also performed to assess the transducers’ dynamic torque-sensing
performance.

4.3 Results

Characterization results are presented in this section; it starts with the assessment of plain transducers
without PnC—torsion paddle 1 and 2—in Sec.4.3.1 and continues with the results of transducers
embedded in a PnC—namely, PnC paddle 1 in Sec. 4.3.4, PnC paddle 2 in Sec. 4.3.5, and PnC beam 1
in Sec.4.3.8.

4.3.1 Mechanical properties of torsion paddle 1

In a first step, the driving frequency is swept from 10 kHz—1 MHz in order to identify the fundamental
torsional mode of torsion paddle 1. Mechanical response spectra recorded at room temperature (RT)
and after cooling down to 7 K are shown in Fig. 4.1a and b. Using the piezoelectric drive for mechanical
actuation excites a large number of mechanical modes, which makes identification of the fundamental
torsional mode difficult. On the other hand, driving mechanical motion inductively leads to a much
cleaner spectrum, which allows direct identification of the displacement signal associated with the
fundamental torsional mode. As the piezoelectric actuator shakes the entire sample, excitation is
unspecific and a variety of modes are excited. For inductive actuation, the applied AC magnetic
field interacts with the magnetic moment of the magnetic CoFeB nanotube, and thus, primarily
excites mechanical motion of the torsional paddle. Resonance peaks of the fundamental torsional
mode at RT and at 7K are presented in Fig. 4.1c together with their fitted response. We observe that
the frequency of the fundamental torsional mode slightly increases by about ~2.5kHz when cooling
from RT to cryogenic conditions. This behavior can be explained in terms of thermal contraction
and material stiffening of SiN, associated with lower temperatures. Based on Lorentzian fitting, we
determine fundamental torsional frequencies of 513.5kHz and 516.1kHz at RT and 7K, respectively.
Additionally, the signal amplitude increases and the linewidth becomes more narrow which is expected
since mechanical dissipation is suppressed at cryogenic temperature.
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Table 4.1: Mechanical characteristics of fundamental torsional mode of torsion paddles 1
and 2. Model predictions based on the lumped parameter model (Eq.(2.7)) and COMSOL are
included for comparison. Values refer to cryogenic conditions at 7 K if not denoted differently.

torsional data et Jeft fo Qx  Qrr Trnin
paddle [Nm)] [kg m?] kHz] [a.u] [a.u] [Nm/vHz]
lumped model  7.2-107'"  3.2.-1072% 764 — — 8.7-10722

1 COMSOL 5.2-1071  49.107%* 518 — —
experiment ~ *5.2- 107! — 516 7914 5624 8.8-10722
lumped model 1.4-107'" 3.1-107%* 335 — 6.6-10722

2 COMSOL 5.3-107'2 5.3.107%* 160 — —
experiment *5.2-10712 — 158 5864 2145 5.9-10722

Note: Values marked with * are calculated using the measured fo and FEM-derived Jog. — indicates data

not available.

4.3.2 Torque sensitivity and mechanical properties of torsion paddles 1 and 2

In this section, the torque sensitivities of torsion paddle 1 and 2 are assessed. To this aim, we develop
a finite-element model (FEM) in COMSOL and optimize the model by adjusting device dimensions
such that the frequency prediction agrees with the frequency observed for the fundamental torsional
modes. Fundamental torsional frequencies f; are taken from the DPM responses recorded at 7K
and zero field which is presented in Fig.4.2 and 4.3 in Sec.4.3.3. Minimal torque sensitivities Tiin
normalized to a 1-Hz bandwidth are calculated using Eq. (2.24) on the basis of experimentally observed
torsional resonance frequency f; o, quality factor @) determined at 7K. The effective rotational inertia
of the fundamental torsional mode J; o is taken from the COMSOL model which also includes the
weight of the magnetic specimen. Experimental torsional spring constants reported in Tab. 4.1 are
calculated using k: o = Jt,ow?’o. Mechanical characteristics of torsion paddle 1 and 2 are summarized
in Tab. 4.1 where experimental data is accompanied by values predicted by the lumped parameter
model from Eq. (2.7) and the COMSOL model based on device dimensions reported in Tab.4.2.
Qs are determined based on fitting the mode decay from ring-down measurements, and torque
sensitivities are calculated based on the resulting Q-factors. Ring-down measurements are provided
in App.B.1. In case of torsion paddle 1, the modeled and observed resonator characteristics are in
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Figure 4.1: Identification of fundamental torsional resonance. Response spectra recorded using
piezoelectric and magnetic-torque actuation (a) at RT and (b) at 7K. (c) Measured resonance peaks with
fitted curves.
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Table 4.2: Measured and modeled device dimensions. COMSOL model
dimensions are adjusted to reproduce measured frequencies. The deviation from
measured dimensions is particularly striking in case of torsion paddle 2 which requires
a 32 % reduction in thickness of bridge segments.

torsional data d W, Iy wp Iy dau
paddle [nm] [nm]  [pm]  [pm]  [pm]  [nm)
1 measured 198 641 3.6 19.8 9.8 —
COMSOL 185 620 3.6 19.8 9.7 —

9 measured 198 219 3.5 19.8 9.8 2

COMSOL 185 (dp=135) 195 3.5 198 9.7 3

Note: d denotes the thickness, w (I) the width (length), subscript b (p) the bridge (paddle),
subscript Au the gold film, and — indicates data not available.

relatively good agreement. Spring constant, fundamental torsional frequency and torque sensitivity
are well approximated by use of the lumped model (Eq.(2.7)) with results being in the correct
order of magnitude and differing by less than a factor of 2. The fundamental frequency is slightly
overestimated by the lumped model which to a small degree can be attributed to the fact that the
model does not account for the weight of the magnetic NT attached to the paddle. As a consequence
the effective rotational inertia is systematically underestimated, which then translates to errors in
frequency and sensitivity. The effect of the NT is further modeled in COMSOL, and the additional
mass of the NT is observed to lower the fundamental torsional frequency by less than 20 kHz. Thus,
the COMSOL model needs further tuning within error margins associated with measured device
dimensions in order to reproduce the experimentally observed fundamental torsional frequency. After
a few iterations, good approximation is achieved based on implementation of the device dimensions
given in Tab. 4.2, and resonator characteristics predicted by this COMSOL model are included in
Tab. 4.1.

With torsion paddle 2, the discrepancy between prediction of the lumped model and observed
oscillator metrics is quite large considering frequency and torsional stiffness. Considerations made
above for torsion paddle 1 concerning systematic errors in modeling the rotational inertia within the
lumped model, do also apply here. Moreover, torsion paddle 2 is covered with an additional gold
film which is at least 2nm thick. Again, weights of the magnetic specimen and the gold film are
neglected by the lumped model. And since torsion paddle 2 also features thinner bridge segments, and
therefore, makes a much softer torsional spring, errors derived from previously described shortcomings
of the lumped model have now a bigger weight. Correspondingly, the measured fundamental torsional
frequency is much lower, i.e. about half the value predicted by the lumped parameter model (Eq. (2.7)).
In keeping with this, the effective torsional spring constant associated with the experimental data is
two times softer than predicted.

Again, an FEM model is developed in COMSOL including the gold film and the magnetic specimen.
Pushing once more the limits of uncertainty in observed device measures, the observed fundamental
torsional frequency is retrieved. Corresponding resonator characteristics and device measures are
again given in Tabs.4.1 and 4.2, respectively. It must be emphasized, that obviously there are
numerous device dimensions which could reproduce the measured spring constants and frequencies.
Nevertheless, by constructing the model within the limits of uncertainty associated with determination
of device dimensions, the constructed model represents the best approximation that we have. The
need to substantially reduce the thickness of bridge segments ¢, in the optimized COMSOL model
hints to potential damage caused by FIB milling during bridge refinement. Incident ions may have
changed the elastic properties of SiNy which could arise from damaged chemical bonds and ions being
implanted into the substrate. Correspondingly, bridges seemingly appear to be more flexible than
expected based on their size in response to damage impaired along the contours defined using FIB.

Considering (s, a decrease is observed with an increase in temperature due to thermoelastic loss
and coupling to defects in the material. Qs deduced for torsion paddle 2 lie below the ones of torsion
paddle 1. This most likely again arises from ion implantation during FIB milling or a potential
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increase of dangling bonds on top of the gold film compared to the bare SiNy surface. With this,
refinement of bridge segments using FIB milling did not bring about a higher @ torque sensor.

Regarding torque sensitivity, torsion paddle 2 achieves an about 30 % improved sensitivity compared
to torsion paddle 1, despite its lower Q. The two prototype paddle microbridges fabricated and
reported as torsion paddles 1 and 2 are promising for their use in torque sensing applications, achieving
torque sensitivities on the order of ~6 - 10722 Nm/ VHz with torsion paddle 2. This does not surpass
the benchmark of 4 - 10722 Nm/v/Hz set by currently available Si cantilevers. Nevertheless, in the
prospect of further refinement of the fabrication process regarding the accuracy in defining device
dimensions and the capacity to make also thinner devices, prototype devices described so far resemble
an important stepping stone towards development of the next generation of torque sensors with
improved torque sensitivity. Sensitivities calculated based on the lumped parameter model described
by Eq.(2.7) are in very good agreement with the ones determined from the measurement, and
therefore, it can be used as a simple, but useful tool to roughly estimate 7,3, despite its shortcomings
in predicting f;o and J;o. It should be noted, however, that application of the lumped model
should be restricted to device geometries that (i) satisfy the condition d < w and (ii) exhibit a
sufficiently large ratio 21, /1, such that the employed mode-shape function can be regarded as a valid
approximation.

4.3.3 Dynamic torque magnetometry with torsion paddles 1 and 2

DPM responses of torsion paddles 1 and 2 are discussed individually below followed by a brief
comparison. DPM measurements are performed by sweeping the magnetic field from 1.5Tto—1.5T
and back with increments of 10mT. At each point of the magnetic field, the driving frequency is
swept through the fundamental torsional resonance using the same drive amplitude, and the response
is then fitted in order to extract the resonance frequency.

Torque sensing with torsion paddle 1

Easy axis DPM measurements are recorded with the external field aligned parallel to the paddle
surface, such that the field points along the NT’s magnetic easy axis, i.e., the magnetization vector’s
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Figure 4.2: DPM response of torsion paddle 1. Hysteresis loops recorded by sweeping H along the NT
easy axis with piezoelectric and magnetic actuation (a)—(c) at 7K and (d) - (f) at RT, respectively. Tick
labels in the inset are given in units of millivolts.
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preferred orientation. Frequency shifts Af as a function of the applied magnetic field pugH are shown
in Fig. 4.2 together with signal amplitudes Upp and phase shifts ¢ between drive and response signal.
Data is shown for both, piezoelectric and inductive actuation of the fundamental torsional mode at
7K and RT, respectively. Irrespective of the type of actuation, DPM responses display expected easy
axis signatures as observed and analyzed in Refs. 70,74,75. Based on the analysis of DCM hysteresis
of CoFeB NTs reported by Gross et al. in Ref. 70, the small kinks in Af observed around 200 mT in
Fig. 4.2a can be attributed to nucleation and disappearance of oppositely oriented vortices at the
NT ends. As |H]| is reduced nucleation is guided by a reduction of the NT’s magnetostatic energy,
while vortex disappearance is driven by a reduction of the Zeeman energy as |H| increases. Further,
hysteresis around B = 0T is well resolved. Slight drift is present when using the inductive drive, as

can be seen from misalignment of amplitude and phase signal between down- and upward sweeps.
The drift can be attributed to a change in temperature of ~0.5 K which occurs due to heating from
electric currents running through the coil when the system is at RT and the temperature is not
controlled. Hence, the frequency drift in Af is compensated using a simple temperature-weighted
drift correction which is further described in App. B.2.

The detected signal amplitudes Upp differ substantially depending on whether the piezoelectric
shaker or the coil is used for inductive actuation. This behavior can be understood from the following
considerations: (i) The piezoelectric actuation strength depends on the locations of the piezoelectric
element’s own resonances in frequency space, together with the transfer function that determines
what motion reaches the paddle. (ii) Coil actuation, in turn, depends on the resonance characteristics
of the electrical circuit in which the coil is embedded, as well as on the magnitude and orientation
of M with respect to H. (iii) Taken together, (i) and (ii) imply that Upp can exhibit very different
behavior for the two actuation schemes. (iv) In addition, magnetic dissipation may reduce Upp,
which depends strongly on the magnetic specimen and would, in principle, be an interesting quantity
to probe.

parallel, T=8 K perpendicular, T =8 K
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Figure 4.3: DPM response of torsion paddle 2. Hysteresis loops recorded by sweeping H oriented

(a)—(c) parallel and (d)—(f) perpendicular relative to the NT easy axis. Data sets are recorded at 8 K and
motion is driven using piezoelectric actuation. The tick labels in the inset are given in units of millivolts.
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Figure 4.4: Comparison between DPM curves of torsion paddles 1 and 2 recorded at cryogenic
temperature. (a) DPM data reproduced from Figs. 4.2 and 4.3. (b) DPM curves normalized with respect to
fundamental torsional frequency and torsional spring constant.

Torque sensing with torsion paddle 2

DPM measurement results along the easy and hard axis are presented in Fig. 4.3 accompanied by
their associated signal amplitudes and phase shifts. In the hard axis configuration the magnetic
field is aligned perpendicular to the paddle surface, and therefore, also perpendicularly oriented with
respect to the magnets preferred direction for magnetization. Mechanical modes of torsion paddle 2
are excited using the piezoelectric drive in both data sets, and both sets are recorded at 8 K.

As was the case for torsion paddle 1, a characteristic easy axis DPM response is also observed with
torsion paddle 2. Considering the DPM response recorded along the hard axis, characteristic features
are reproduced as reported with.”% ™ Note, that some data points are recorded with a very small
amplitude very close to 0 mV. In these regions, at applied fields between +0.7—40.9 T, the signal
amplitude potentially drops below the detection limit, and thus, fitting a Lorentzian lineshape to the
resonance peak fails and extracted resonance frequencies are subject to substantial error.

Comparison between DPM curves recorded with torsion paddles 1 and 2

Easy axis DPM curves of both devices are plotted together in Fig.4.4a. Frequency shifts of about
1.2kHz and 2.5 kHz are observed with devies 1 and 2, respectively. Hence, they differ by a factor of
~2. The shift in frequency is guided by Eq. (2.43). Correspondingly, DPM curves are normalized with
respect to fundamental torsional frequencies and spring constants are derived from the COMSOL
models defined in Tab.4.1. The normalized DPM curves are shown in Fig.4.4b. Since the magnetic
specimen is identical, differences in the normalized curves can only be attributed to either an error in
the calculated spring constant or measurement errors. After normalization, the amplitude of Af for
torsion paddle 1 exceeds the one of torsion paddle 2. In keeping with previously discussed uncertainty
in determination of the torsional spring constant of torsion paddle 2, its lower normalized DPM
curve substantiates the conjecture that the experimental spring constant given in Tab. 4.1 is indeed
underestimated. The normalized DPM curves show an almost perfect match in terms of their shape
besides their amplitude and minor deviations in hysteresis for intermediate field values.

4.3.4 Mechanical properties of PnC paddle 1

Mechanical response spectra for PnC paddle 1 are recorded at RT before and after integrating
the magnetic CoFeB NT. Before attachment, we use piezo-driven excitation and the frequency-
dependent displacement amplitude is detected while sweeping the drive frequency from 1kHz to
1 MHz. Measurements are performed with the laser spot focused on the large platform at the defect
center (yellow), the small platform next to it (orange), and also on the first (red) and second (purple)
platforms of the surrounding PnC lattice. The data and color-coded locations are shown in Fig.4.5.
With the laser readout positioned in a single location, signal detection is limited to mechanical
modes that cause an out-of-plane displacement at this specific location. Hence, by measuring the
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Figure 4.5: Frequency response of PnC paddle 1 before attaching a CoFeB NT. A phononic band
gap opens between 430—680kHz. Spectra were recorded at RT with the laser readout focused on (a) the
large defect platform, (b) the small defect platform, (c¢) the first PnC platform, and (d) the second PnC
platform. (e) Color code.

displacement at multiple positions, we obtain a more complete picture of all mechanical modes excited
in the full PnC membrane.

A distinct phononic band-stop signature is observed in all location channels, starting at 430 nm
and continuing up until about 680 nm, with the upper frequency bound visible in the displacement
detected via the second PnC platform. This confirms the presence of a phononic band gap in PnC
paddle 1, which marks a first small success and presents the first time that a phononic shield has
been implemented for a 2D resonator design at the department of physics of University Basel. A one-
dimensional PnC beam has previously been pioneered by C. Spinnler at our research institution.?”> 276
The frequency response obtained from piezo-driven excitation is complex and difficult to interpret.
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Figure 4.6: Mode shapes of PnC paddle 1. Finite-element (COMSOL) mode shapes showing (a) the
fundamental flexural mode of the complete PnC membrane, (b) the fundamental torsional mode of the defect
platform, and (c) a side view of the same torsional mode illustrating strong localization within the defect
region.
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Figure 4.7: Frequency response of PnC paddle 1 before and after attaching the CoFeB NT.
The bare resonator is driven using piezoelectric actuation. After integration of the CoFeB NT, the resonator
motion is driven via magnetic-torque actuation.

As the signal peak at 47 kHz appears with large amplitude across all readout locations, it can be
reasonably attributed to the fundamental flexural mode of the collective PnC membrane. The mode
shapes relevant to this section are shown in Fig. 4.6.

After attaching the CoFeB NT, the resonator is driven via magnetic-torque actuation. Frequency
responses are recorded with the laser spot positioned on the large and small defect platforms. The
resulting spectra are shown in Fig. 4.7, together with measurements acquired at the same locations
prior to mounting the magnet. Surprisingly, the putative fundamental flexural resonance of the full
PnC membrane appears slightly shifted upward by 2 kHz upon attaching the magnet, and the origin
of this upward shift remains unclear.

Further, the frequency response measured under magnetic-torque actuation exhibits several new
peaks that were not observed under piezoelectric driving. The two most prominent peaks occur at
104 kHz and 132 kHz. Because magnetic-torque actuation couples directly to the defect paddle and
efficiently excites modes with angular displacement—as previously observed for torsion paddles 1 and
2—the signal at 104 kHz most likely corresponds to the fundamental torsional resonance of the defect,
whereas the peak at 132kHz is attributed to a higher-order mode.

PnC paddle 1 provides the first proof of successful design and fabrication of a phononic band
gap. However, because the fundamental torsional defect mode lies well outside the acoustically
isolated band and the SiNy thickness of this device is subject to substantial uncertainty, we conclude
the characterization at this stage and refrain from performing FEM modeling as well as additional
ring-down and dynamic torque magnetometry measurements.

4.3.5 Mechanical properties of PnC paddle 2

The frequency response of PnC paddle 2 is studied after integration of a magnetic CoFeB NT. We
sweep the drive frequency from 5kHz—1 MHz using both piezoelectric and magnetic drive and record
response spectra at RT and 5 K. The measured spectra are shown in Fig. 4.8a and b, together with
the fitted resonance peaks of the fundamental torsional mode in Fig. 4.8c. We observe the opening of a
phononic band gap spanning a range from about 450—690 kHz. The fundamental torsional resonance
is centered at 516.6 kHz at room temperature and at 522.4kHz at 5K, and in both cases lies well
within the phononic band gap. The small number of peaks detected under inductive drive, together
with the fact that the peak exhibits the highest intensity, allows an unambiguous assignment of this
resonance to the fundamental torsional mode of the defect paddle. While the fundamental torsional
mode of torsion paddle 1 was susceptible to mechanical excitation using piezoelectric actuation, this
time we cannot observe a corresponding piezo-driven excitation for PnC paddle 2. This observation
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Figure 4.8: Frequency response of PnC paddle 2. The phononic band gap extends from 450 kHz and
690kHz. Spectra were recorded using piezoelectric (magnetic) actuation with drive amplitude of 50mV (3V)
(a) at RT and (b) at 5K. (c) Measured resonance peaks with fitted curves.

suggests that mechanical coupling between the surrounding Si chip and the defect mode is strongly
suppressed, confirming the effectiveness of the added PnC structure in providing acoustic isolation.

We further analyze the mechanical properties of the defect’s fundamental torsional mode by
sweeping the drive frequency across the resonance with smaller frequency increments between data
points, thereby determining the resonance frequency more accurately. The measured and fitted
responses at RT and 5 K are shown in Fig. 4.8c and we find fo = 516.7kHz at RT and fy = 522.4kHz
at 5 K. We can further see from fitting that ) increases by roughly a factor of 2 from about 1500 to
3800 at cryogenic temperatures compared to RT. This is a well-known and often described behavior
and is attributed to suppression of internal dissipation at low temperature.?”” 27 In addition, we
determine the mechanical quality factor more precisely by performing ring-down measurements at
5K and find @ = 6600 and the corresponding ring-down data is provided in App.B.1.2.

Based on the measured dimensions of PnC paddle 2 given in Tab. 3.2, we set up a finite-element
model in COMSOL to reconstruct the observed mechanical response. Again, we optimize the simulated
mechanical response by varying device dimensions roughly within their limits of uncertainty and
include the mass of the attached magnetic specimen. For PnC paddle 2, the lateral device dimensions

Figure 4.9: Mode shapes of PnC paddle 2. Simulated mode shapes showing (a) the fundamental flexural
mode of the complete PnC membrane, (b) the fundamental torsional mode of the defect platform at the
readout location, and (c) a side view of the same torsional mode illustrating strong localization within the
defect region.
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are well constrained; therefore, we only vary the thickness of the PnC membrane. Mode shapes
relevant to the peak assignment are shown in Fig. 4.9. Excellent agreement between simulation and
measurement is obtained by reducing the SiNy thickness to 106 nm, which predicts a fundamental
flexural frequency of the full PnC membrane of 61kHz. In addition, prediction of the fundamental
torsional frequency of the defect also matches the signal peak observed at 522 kHz very nicely within
an error of about 1kHz. And at last, also the modeled band gap is predicted between 460 — 720 kHz
which fits the experimental observed range of 450 —690 kHz well. Matching the three key features—
the fundamental PnC frequency, the fundamental torsional frequency, and the phononic band gap
range—provides strong validation of the finite-element model.

4.3.6 Torque sensitivity and mechanical dissipation of PnC paddle 2

From the finite-element model developed in Sec. 4.3.5, we deduce the effective moment of inertia for
the fundamental torsional mode of PnC paddle 2 and find Jog = 1.0 - 1072° kgm?. Combined with
the observed resonance frequency, the torsional spring constant is determined keg = 1.1 - 10712 Nm.
Based on this result and @ determined from ring-down measurements, we calculate the minimal
torque sensitivity using Eq. (2.24) and find 7y, = 1.2 - 10722 Nm/\/m for a 1 Hz measurement BW
which is comparable to values previously reported for the plain device architectures without PnC
structure represented by torsion paddles 1 and 2.

The fact that we do not observe any noticeable improvement in () despite acoustic isolation of
the torsional resonance by structuring a PnC around it suggests that mechanical dissipation of the
fundamental torsional mode of the plain device is not dominated by radiative or clamping losses
at the device boundaries. Instead it may be dominated by dissipative contributions from internal
and surface loss channels. To assess whether the measured quality factor of our torsional mode is
limited by clamping losses or by intrinsic dissipation, we first compare it to the intrinsic loss expected
from the surface-loss model of Villanueva and Schmid!!” described in Eq. (2.26). This analytical
model describes the intrinsic Q-factor of thin pre-stressed silicon nitride films, using Qsu.t = 8d
with B~ (6 £4) - 10'°m~! and Q.o ~ 2.8 - 10* extracted from a large set of low- and high-stress
LPCVD silicon nitride resonators at room temperature. Applying this model to our film thickness,
d = 116 nm, yields an intrinsic quality factor

1
ﬁd Qvol

where the range reflects the uncertainty in 8 and also the fact that the model is calibrated at room
temperature on LPCVD rather than PECVD films.

At cryogenic temperatures (T ~ 10K), measurements on PECVD amorphous SiNy films report
cryogenic loss angles in the range from low 10~ to low 1072, corresponding to intrinsic quality factors
Qint~103-10* in a similar thickness range and for measurement frequencies up to 7 kHz.28% While PnC

—1
Qint(d = 116 nm) = < > ~ 103_1047

paddle 2 operates at substantially higher frequency, these values provide a useful order-of-magnitude
reference for cryogenic dissipation in PECVD SiNy. Our PECVD film is therefore expected, both from
the room-temperature surface-loss model and from direct cryogenic PECVD measurements, to have a
Qint in this range. The measured quality factor of the fundamental torsional mode Qmeas =~ 6.6 - 103
at fo = 522kHz and T = 5K lies comfortably within this expected intrinsic range, indicating that
intrinsic surface and bulk losses are sufficient to account for the observed dissipation.

Considering that intrinsic and clamping (radiation) losses add in parallel as

1 1 1
= + s
chas Qint champ

a Qint of order 10* or larger implies a clamping-limited quality factor Qclamp = 10%. Thus clamping
(radiation) loss can contribute at most a modest fraction of the total dissipation. The fact that
embedding the resonator in a PnC and placing the torsional mode well inside the band gap does not
increase @ is therefore consistent with the fundamental torsional defect mode being predominantly
intrinsic-loss-limited rather than clamping-loss-limited, even under cryogenic conditions.
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Figure 4.10: DPM response of PnC paddle 2 at 5 K using piezoelectric excitation. Measurements
with H oriented (a)—(c) parallel to the easy axis with the field swept from 2T to—2T and (d)—(f) at 102.5°
with the field swept up from —2Tto2T.

4.3.7 Dynamic torque magnetometry with PnC paddle 2

With previous observations in mind, we perform dynamic torque magnetometry measurements with
PnC paddle 2 to assess its capacity for magnetic torque sensing. At each field step, the drive frequency
is swept across a 1kHz wide window positioned around the fundamental torsional frequency with
constant driving amplitude. The response amplitude is fitted using Eq. (4.1) and the resonance
frequency is deduced from fitting. This procedure is very time-consuming, and therefore, we limit our
investigation to recording only half a hysteresis curve, i.e., perform an unidirectional magnetic field
sweep from 2T to—2T or vice versa. Since the fundamental torsional mode cannot be excited for
a strictly perpendicular field orientation, the direction of the applied field H is tilted from 90° to
102.5°. This orientation remains close to the perpendicular configuration, approximates the nominal
magnetic hard axis, and allows us to probe the DCM response in a geometry that closely reflects the
hard-axis condition. DPM measurements are shown Fig. 4.10. The observed Af is on the order of
0.6 kHz and the DPM response recorded with H in parallel orientation produces a typical V-shaped

dynamic torque response.”

4.3.8 Mechanical properties of PnC beam 1

In contrast to previous PnC devices, the defect center of PnC beam 1 is not structured as a torsional
paddle but forms a double-clamped flexural beam and we aim to probe the mechanical properties of
the second-harmonic flexural out-of-plane mode. Accordingly, the laser readout is positioned on one
of the small platforms located at 1/4 beam length in order to maximize sensitivity to this specific
mode. Dynamic torque magnetometry fundamentally requires that the magnetic probe undergoes an
angular displacement with respect to the applied magnetic field. For the second-harmonic flexural
mode, the central bridge segment remains nearly flat and primarily undergoes rotation about the
beam’s midline. With the CoFeB NT located at the bridge center and oriented parallel to the bridge
as shown in Fig. 4.11, we investigate (i) wether the second harmonic can be driven magnetically, and
(ii) wether it can be employed for dynamic torque magnetometry.

Frequency responses measured by sweeping the excitation frequency from 25-800kHz at RT and
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Figure 4.11: Position of the CoFeB NT. The magnetic specimen is precisely centered on PnC beam 1,
with its long axis aligned along the resonator axis.

5K are shown in Fig.4.12. The abrupt stop and clear absence of signals detected above 400 kHz
visually indicates the presence of a phononic band gap which continues up to a frequency of about
660 kHz. It must be emphasized, though, that in this readout configuration detection is only sensitive
to modes that cause an out-of-plane displacement in the readout location. The fundamental out-
of-plane flexural mode of the collective PnC membrane can be expected to behave similarly as the
one of PnC paddle 2 with an identical PnC structure. Therefore, the signal observed at 56 kHz can
be readily assigned to the PnC’s fundamental flexural mode. Mode shapes relevant to the peak
assignment are shown in Fig.4.13. In the RT measurement shown in Fig.4.12a, an isolated signal
within the band gap near 490 kHz is detected under both actuation schemes. This differs from our
previous observation for the fundamental torsional mode of PnC paddle 2 which could only be driven
magnetically. This behavior can be understood intuitively by noting that piezoelectric driving induces
out-of-plane chip motion, which couples more efficiently to flexural out-of-plane modes. After cooling
the sample down to 5 K the same resonance is no longer detected in wide range frequency sweeps as
shown in Fig. 4.12b irrespective of the actuation method.

By scanning the corresponding frequency range more closely, the signal is retrieved at f = 489.96 kHz
and we apply a magnetic field to examine if the frequency changes in response, and thus, is sensitive to
a magnetic torque. The magnetic field is nominally applied parallel with the CoFeB tube’s magnetic
easy axis and as Fig. 4.14a shows, a negligible frequency shift of only 6 Hz is observed by stepping
from 0T up to 2T. This is about two orders of magnitude below the dynamic torque amplitudes
previously reported for this type of sample with currently available highly-sensitive Si cantilevers.”®

In addition, already at low displacement amplitudes of only few tens of millivolts the resonance peak
shifts to higher frequencies and becomes asymmetric, indicating a Duffing-type hardening nonlinearity
of the mode which gives rise to the typical "shark fin"-shaped response as depicted in Fig. 4.14b. The
asymmetry persists down to driving the resonator at very small displacement amplitudes just above
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Figure 4.12: Frequency response of PnC beam 1. The phononic band gap is observed between 395 kHz
and 665 kHz. Spectra were recorded with piezoelectric (magnetic) actuation with drive amplitudes of 100 mV
(10V) (a) at RT and (b) at 5K.
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Figure 4.13: Mode shapes of PnC beam 1. Simulated mode shapes showing (a) the fundamental flexural
mode of the complete PnC membrane, (b) the second-harmonic flexural mode, and (¢) a side view of the
same flexural mode illustrating that it is predominantly localized in the defect beam with a weak evanescent
decay into the surrounding PnC.

the noise floor which makes performing dynamic torque magnetometry impossible with this device.

We build a finite-element model using COMSOL based on measured device dimensions reported in
Tab. 3.2 in Sec. 3.2 and tune device dimensions within the limits of uncertainty in order to optimize
matching between model and measurement. The phononic band gap is readily predicted between 450 —
720kHz in reasonable agreement with the measured frequency response simply by implementation of
the measured device dimensions. But in stark contrast to previous FEM reconstructions performed
for torsion paddles 1 and 2, and PnC paddles 1 and 2, we cannot find a geometry within reasonable
limits that produces the observed fundamental PnC membrane mode near 56 kHz and the supposed
second flexural harmonic of the defect near 490 kHz. By reducing device thickness to 90 nm, the
fundamental flexural frequency of the PnC membrane can be lowered to 62 kHz which is still off by
6 kHz and in this scenario the second flexural harmonic of the defect stays far too high at 615 kHz.
As another way to model the observed behavior, we consider that the intrinsic film stress of our
PECVD SiN, film is potentially lower than the nominal 0.25 GPa. By reducing film stress by 20 % to
only 0.2 GPa, prediction of the fundamental flexural frequency of the full PnC can be matched with
the observed response within a deviation of 1kHz. But even in this extreme scenario, the second
harmonic is predicted far too high at 568 kHz. Based on sampling a large parameter space including
various combinations of device geometries and intrinsic film stresses, the second harmonic cannot be
matched with the observed signal at 490 kHz, and therefore, the idea of having a SiNy film with a
substantially lower film stress is unlikely. All things considered, we are not able to clearly assign the
signal observed at 490 kHz to a specific mode.

Even without a comprehensive finite-element model for PnC beam 1, examination of this device
architecture shows that the putative second-harmonic flexural mode of a double-clamped beam
cannot be efficiently driven with piezoelectric or magnetic-torque driving, albeit for different reasons.
Coupling from the piezoelectric shaker to the central defect is suppressed by the PnC. The assumption
that the second-harmonic flexural mode can be driven efficiently using magnetic-torque actuation has
been a hypothesis from the beginning which we can now refute based on our observation. In light of
this, further attempts in examining defect modes in PnC structures would be well advised to employ
photothermal excitation via modulation of optical radiation intensity instead.?8!

The vanishing torque sensitivity displayed by a negligible frequency shift observed with applied
magnetic field, signature of a Duffing-type hardening nonlinearity, and FEM results that do not allow
clear assignment of the mechanical mode detected inside the band gap; all this demonstrates that the
device does not satisfy the requirements for dynamic torque magnetometry and ends our examination
of PnC beam 1.
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Figure 4.14: Frequency shift with applied field and non-linearity observed in PnC beam 1.
Response of mechanical mode near 490 kHz, measured at 5 K under magnetic driving. (a) Frequency-shift
with H oriented parallel to the magnetic easy axis. (b) Duffing-type hardening nonlinearity.

4.4 Discussion

In this chapter we have characterized the mechanical properties and torque-sensing performance of
PECVD SiNy torque transducers ranging from simple torsional paddles to devices embedded in a
phononic crystal. By combining broadband spectroscopy, ring-down measurements, dynamic torque
magnetometry, and finite-element modeling, we have assessed both the performance and torque
sensitivities for working devices.

For the simple torsion paddles 1 and 2, we identified the fundamental torsional modes, quan-
tified their resonance frequencies and Q-factors at cryogenic temperatures, and validated the ex-
periment against a finite-element model. Torsion paddle 1 reaches a minimal torque sensitiv-
ity of Tmin = 9 - 10722 Nm/v/Hz, while the softer, FIB-refined torsion paddle 2 improves this to
Tmin = 6 + 10722 Nm/+/Hz despite a reduced Q. The comparison between analytic modeling, COM-
SOL simulations and dynamic torque magnetometry measurements indicates that FIB processing
softens the bridges and increases internal dissipation. These prototype paddles operate close to the
torque sensitivity of state-of-the-art Si cantilevers and provide robust, well-understood platforms for
dynamic torque magnetometry, and we demonstrate that their use for dynamic torque magnetometry
produces a well-defined DCM response.

For the first phononic device, PnC paddle 1, we demonstrated for the first time at our institute
the fabrication of a two-dimensional phononic band gap in a suspended SiNy membrane with a stop
band from roughly 430 -680kHz and clear localization of defect modes. However, the fundamental
torsional defect mode lies far outside the band gap and therefore no further characterizations of its
torque sensing properties are performed.

The central result of this chapter is the detailed characterization of PnC paddle 2. Here, the
torsional defect mode is deliberately engineered to lie well inside a well-defined band gap ranging from
450-690kHz, and we confirm this picture experimentally and via FEM simulations that consistently
reproduce the fundamental PnC flexural mode, the defect torsional frequency, and the band-gap
edges. At T ~ 5K the fundamental torsional mode exhibits a resonance frequency fo = 522kHz
and a quality factor Q@ ~ 6.6 - 103. From the FEM-derived moment of inertia and the measured
Q, we infer a minimal torque sensitivity T, = 1.2 - 10722 Nm/\/m in a 1 Hz bandwidth. This is
comparable to or slightly better than the minimal torque sensitivity achieved by the standalone
SiNy torsional paddles, however, this does not result from an improved @ but rather originates from
a smaller effective moment of inertia compared to torsion paddles 1 and 2. Further, this minimal
torque sensitivity slightly surpasses state-of-the-art highly sensitive Si cantilevers which benchmark
at Tmin = 4 - 10722 Nm/ VHz. A comparison of the measured @ with surface- and volume-loss models
for SiNy and reported cryogenic loss angles shows that the observed dissipation is fully compatible
with intrinsic surface and bulk loss in our PECVD film, and that any additional clamping (radiation)
loss must correspond to Qclamp 2 10*. The absence of a () enhancement upon embedding the paddle
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in a PnC thus reveals that for our current film quality and thickness, mechanical dissipation of the
torsional mode of the plain torsional paddles is dominated by intrinsic losses rather than by clamping
losses.

Finally, the device PnC beam 1 confirms again the formation of a phononic band gap and shows
an isolated mode within the gap, but exhibits strong Duffing nonlinearity, an ambiguous mode
assignment, and an almost vanishing magnetic-field-induced frequency shift. These features make
it unsuitable for sensitive dynamic torque magnetometry. Further, our observations with of PnC
beam 1 combined with PnC beam 2 show that driving defect modes that are effectively shielded by a
PnC are hard to drive using piezoelectric actuation, while magnetic actuation is efficient, albeit only
for torsional defect modes.

In summary, this chapter establishes that (i) simple SiNy torsional paddles achieve torque sen-
sitivities on the order of 10722 Nm/ VHz, comparable to those obtained with torsional resonators
embedded in a PnC. (ii) Phononic structuring around a torsional defect can be implemented reliably,
and the torsional mode can be engineered to lie within the phononic stop-band, but (iii) in our present
devices the fundamental torsional modes are intrinsically loss-limited, such that further improvements
in torque sensitivity will primarily require reducing intrinsic dissipation as, for example, via optimized
film deposition or surface treatment rather than relying on phononic isolation. Another route is
to use high-stress stoichiometric LPCVD SigNy, which provides lower defect density and has been
widely employed to fabricate ultrahigh-@) mechanical resonators. Owing to its substantial intrinsic
tensile film stress, this approach would require a different resonator geometry that prevents stress
relaxation and thereby avoids the formation of high-loss regions, as is the case, for example, for string,
trampoline or binary tree resonators. Furthermore, optimizing the flexural defect mode in a PnC
structure—similar to PnC beam 1—rather than using a torsional paddle geometry would enable
dissipation dilution and soft-clamping via strain-engineering to yield magnetic-torque transducers
with ultrahigh @s from high-stress stoichiometric LPCVD SigNy.
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5.1 Summary

Many bacteria share the fascinating ability to sense Earth’s magnetic field — a process known as
magnetotaxis. These bacteria synthesize magnetic nanoparticles, called magnetosomes, within their
own cell body and arrange them to form a linear magnetic chain. The chain, which behaves like
a compass needle, aligns the microorganisms with the geomagnetic field. Here, we measure the
magnetic hysteresis of an individual bacterium of the species Magnetospirillum gryphiswaldense via
ultrasensitive torque magnetometry. These measurements, in combination with transmission electron
microscopy and micromagnetic simulations, reveal the magnetic configurations of the magnetosomes,
their progression as a function of applied field, as well as the total remanent magnetic moment and
effective magnetic anisotropy of a chain within a single bacterium. Knowledge of these properties is
crucial both for understanding the mechanisms behind magnetotaxis and for the design of systems
exploiting magnetotactic bacteria in biomedical applications.

5.2 Introduction

Nature has invented an incredible mechanism to lead magnetotactic bacteria such as Magnetospirillum
gryphiswaldense to its optimum feeding grounds: a compass needle in its cell body in the form of a
chain of self-assembled magnetite crystallites, each a few tens of nanometers in diameter.!7? 180,186
Even better than a compass, which only indicates the direction of the Earth’s magnetic field, this
chain of magnetosomes directly orients the bacterium along the field, as a result of the torque exerted.
Using its flagella and a biological sensor for oxygen content,?? the bacterium then propels itself
along the magnetic field lines towards sources of nourishment in aquatic sediments. By restricting
M. gryph.’s motion along one dimension, the chain of magnetosomes increases the efficiency of this
search.283,284
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The magnetism of a chain of magnetosomes within a single M. gryph. is complex: It consists of
several tens of individual nanomagnets, one after another in a string-like arrangement. Because of
their small size, each magnetosome can be approximated as a single-domain magnet, whose magnetism
is determined both by the cubic anisotropy of magnetite and the magnetosome’s shape. The fact that
each magnetosome takes an unknown orientation in space adds further complexity. Finally—and
crucially for the biological function of the chain—dipolar interactions between nearby magnetosomes
result in a net preferred orientation along the chain axis. The competition between these anisotropies
defines the orientation of each magnetosome’s magnetic moment.

Precise measurements of the magnetic properties of magnetotactic bacteria, specifically anisotropy
and total magnetic moment, are the key to understanding the mechanisms behind magnetotaxis.?85-291
One approach is to monitor the motion of either ensembles or individual bacteria in the presence
of magnetic fields.292729 Reufer et al.2%® investigated the trajectories of M. gryph. swimming in a
magnetic field, determining an average magnetic moment of 2 - 10716 A m? per bacterium. Zahn et
al.?®? extracted the moment of about 150 bacteria in liquid by tracking and modeling the rotation
and translation of individual bacteria under the influence of magnetic tweezers. Typically, however,
magnetic properties deduced from such measurements rely on assumptions about the motion of
the bacteria in liquid. The magnetic moment of ensembles of magnetotactic bacteria has been
measured directly using a superconducting quantum interference device (SQUID).27-298 Individual
bacteria have also been studied via magnetic imaging techniques, including X-ray magnetic circular
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dichroism combined with scanning transmission X-ray microscopy and electron holography.

In particular, Dunin-Borowski et al. used electron holography to visualize the magnetic stray fields of
an individual Magnetospirillum magnetotacticum in remanence.3%4

The magnetic hysteresis of an individual bacterium, from which magnetic properties such as
coercivity, anisotropy, and switching behavior can be determined, is challenging to measure due to the
tiny magnetic moment of a single chain of magnetosomes.30%:395:306 Knowledge of these properties is
especially important for applications involving magnetic actuation or sensing.

Dynamic cantilever magnetometry (DCM),70:230,307,308
torque magnetometry, provides a method for measuring the magnetism of nanometer-scale magnetic

systems. Gysin et al. first used DCM to measure the magnetic hysteresis of an ensemble of about
2309

which is a particularly sensitive form of

100 M. gryph., resulting in a magnetic moment of 5-107¢ Am per bacterium. A few years later,
using a more sensitive cantilever, the same group managed to measure the hysteresis of an individual
M. gryph.,3% however, low signal-to-noise ratio precluded a detailed analysis of the measurements.

By attaching a single M. gryph. to an ultrasensitive SiN cantilever, we resolve its magnetic
hysteresis via DCM. Furthermore, based on transmission electron microscopy (TEM) images, we
create a micromagnetic model for the bacterium’s chain of magnetosomes and compare it to DCM
measurements. This comparison allows us to determine the likely progression of the magnetosomes’
magnetic configurations as a function of applied field, as well as determining components of the
remanent magnetization, effective anisotropy, and switching field of the bacterium. In measurements
of ensembles, the properties of individual bacteria are obscured by inhomogeneity in the size, shape,
and orientation of the chains of magnetosomes.

5.3 Dynamic cantilever magnetometry

In DCM, as shown in Fig. 5.1, the sample under investigation is attached to the free end of a cantilever,
which is driven into self-oscillation at its fundamental mechanical resonance frequency f. Similar to
DPM introduced in Sec. 2.3.2, the DCM measurement consists of monitoring changes in the resonance
frequency as a function of a uniform applied magnetic field Af(H), relative to the unperturbed
resonance frequency fy at poH = 0T. Af reveals the curvature of the magnetic system’s free energy
with respect to rotations about the cantilever oscillation axis”®?!7 according to
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where log is the cantilever’s effective length, and 6. the cantilever’s oscillation angle (see Eq. (2.43)
for comparison with DPM). A detailed derivation of this equation can be found in the supplementary
information of Ref. 72. This relation does not allow a direct link between magnetic moment and
Af, rather Af can be intuitively understood in a thermodynamic framework?'” as an analogue to
magnetic susceptibility: while susceptibility quantifies the magnetic response of a sample to changes
in the magnitude of H, Af quantifies the response to changes in its orientation. Measurements of

72,217,228 a5 well as providing

Af are particularly useful for identifying magnetic phase transitions,
information on the switching, saturation magnetization, coercivity, and the anisotropy of a magnetic
System.75

The SiN cantilever used in this measurement has a quality factor of a few thousand at room
temperature. Once the sample has been attached to the end of the cantilever, the cantilever is
mounted in the measurement setup described in Sec. 2.3.1, and the cantilever’s flexural motion is read
out using 100 nW of laser light. For investigation of M. gryph., the piezoelectric actuator mechanically
drives the cantilever at fy with a constant oscillation amplitude of a few tens of nanometers using a
feedback loop implemented by a field-programmable gate array. This process enables the fast and

accurate extraction of Af from the cantilever deflection signal.

5.4 Data acquisition and processing

The sampling time for measurements of cantilever frequency f vary between 1 and 5s, a time which
is limited by a slow time-dependent frequency drift, which adds to the magnetic contribution,

f = fO + fmagnetic (H) + fdrift (t)

The drift likely originates from liquid evaporating from the bacterial cell into the surrounding vacuum.
This explanation is supported by the observation that f increases monotonically in time at room
temperature (the expected effect of a loss of mass on the cantilever), while no drift is observed at
cryogenic temperatures, when the sample is frozen. We approximate fga,if(t) to be linear in time and
subtract it from f. The measurement noise is close to the thermal limit of what is possible with the
given setup and cantilever. For further details in Af to be resolved, one would have to reduce the
cantilever’s mechanical dissipation and/or perform the measurements at lower temperatures.

The error of our measurement of the remanent magnetic moment is dominated by the uncertainty
in determining the exact geometry of our cantilever. This uncertainty leads to a 5% error in the
determination of both the cantilever’s spring constant kg and its effective length l.¢, ultimately
affecting the uncertainty of the magnetic moment measurement. Cantilever geometry is estimated
from TEM images and goes into COMSOL simulations determining ko and leg.

5.5 Sample preparation and cantilever properties

Cells of M. gryph. DSM 6361 are grown under anaerobic conditions in sealed Hungate tubes containing
10 mL of Flask Standard Medium under a headspace of Na, as described before.?19:311 The cells
are then fixed with formaldehyde. Next, a droplet of solution containing the cells is placed on the
surface of a polytetrafluoroethylene sheet. A small permanent magnet placed under the sheet helps
to retain bacteria, which contain magnetosomes. After 10 min, the droplet is dried with a gentle flow
of compressed air. A micromanipulator system (Narishige) is used to pick up an individual bacterium
from the surface, and transfer it to the free end of the ultra-soft cantilever. The bacterium is attached
to the apex of the cantilever for magnetic characterization as shown in Fig. 5.1b, oriented roughly
with the cantilever axis using the micromanipulator, and fixed in place with UV glue (Thorlabs).
The cantilever is commercially available (Nunano) and made of SiN. Its 1.94 pm width and 55.8 pm
length are measured using scanning electron microscopy. Its nominal thickness is 50nm. The
experimentally observed resonance frequencies of the bacterium-loaded cantilever at zero field are
fo = 16.9kHz and f; = 104.9kHz, where f; is the frequency of the first harmonic. We use the
COMSOL Multiphysics software package to construct a finite element model of the cantilever and
adjust its properties so that its calculated resonance frequencies match the measured frequencies.
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Figure 5.1: Measurement setup and bacterium-on-cantilever probe. (a) Schematic of a cantilever
with a single bacterium attached at the tip, including the definition of the coordinate axes. (b) False color
high-angle annular dark-field scanning transmission electron microscopy image showing the orientation of the
magnetosome chain relative to the cantilever axis. (c¢) Close-up view of the magnetosome chain.

The Young’s modulus of SiN is set to 250 GPa, its density to 3100 kg/m?® and Poisson’s ratio to 0.23.
The bacterium is modeled as a 5 pm long bar with flat bottom and rounded top. Its width is 300 nm
and its density is assumed to be the same as for water (p = 1000 kg/m?). In order to match fy and
f1, a small, linear gradient in the thickness of the cantilever is introduced, such that it is thickest at
its base (39.9nm) and becomes thinner towards the tip (38.2nm). Using this model, we calculate an
effective length log = 39.4 pm and a spring constant kg = 44 nN/m for the cantilever.

5.6 Measurements

We perform two types of DCM measurements just below room temperature at T = 284 K. In the
first, shown in Fig. 5.2, we monitor Af as a function of the direction 6}, of a large field of constant
magnitude pgH = 3.5 T applied in the plane perpendicular to the cantilever’s rotation axis (zz-plane).
In a magnetic field H large enough to saturate the system, as in this case, the maxima and minima
of Af(6) indicate the directions of the easy and hard axes, respectively.”® 7% The data plotted in
Fig. 5.2 show the signatures of uniaxial anisotropy with the maximum and minimum separated by 90°
and the maximum indicating the direction of the easy axis, which roughly coincides with the axis of
the magnetosome chain.

In the second type of measurement, shown in Fig. 5.4, we measure Af as we sweep H along a fixed
direction from large positive to large negative values. Analysis of the resulting Af(H) hysteresis
measurements allows for the extraction of information on the remanent magnetic moment as well
as the system’s magnetic switching behavior and the progression of magnetic configurations present
as the system reverses. Measurements taken for 8, = 90° (along the axis of the magnetosome
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chain), shown in Fig. 5.4a and b, and for 6, = 0°, shown in Fig.5.4c and d, show the characteristic
response of a magnetic system with uniaxial anisotropy with H applied along its easy and hard axes,
respectively.”® The sharp discontinuity seen in Fig.5.4b is the signature of magnetic switching in
reverse applied field allowing us to deduce a coercive field of around 20 mT for the chain.

Upon completion of the DCM measurements, the cantilever is transferred to a grid for subsequent
high-resolution (HR)TEM, high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) imaging, and TEM tomography. During this process, the cantilever is broken off of
its base at its clamping point, making further DCM measurements impossible. TEM tomography
in combination with a deep learning algorithm then allows the construction of a realistic three-
dimensional (3D) model of the particles, revealing their position and morphology. Further details on
HAADF-STEM and HRTEM imaging, as well as TEM tomography and subsequent development of
the 3D model are provided in the following section.

5.7 Magnetosome chain

The process of developing a realistic physical model of the magnetosome chain is described in this
section, including considerations about its shape, dimension, and orientation in 3D space, and also its
magnetic properties for the construction of an accurate micromagnetic model.

5.7.1 Structural model

We use HRTEM and HAADF-STEM to image the position and morphology of each magnetosome
in the chain. Individual magnetite magnetosomes, which are surrounded by biological tissue, are
clearly resolved in the HAADF-STEM images, as shown in Fig. 5.1b and c. These images show the
individual bacterium under investigation, which is still attached to the end of the SiN cantilever. The
brightest contrast in the images corresponds to the projection of each magnetosome on the zy-plane.
The image reveals the alignment of the magnetosome chain with the cantilever’s long axis. HRTEM
images of each individual magnetosome and their Fourier transforms also provide information on
their crystallinity and orientation. Crystal planes visible in the images show that at least 25 of the 29
magnetosomes are in a crystalline state. We do not find correlations between the orientation of these
planes and either the axis of the chain or the orientation of neighboring magnetosomes. Experimental
circumstances prevented the extraction of the exact crystalline orientation of each magnetosome,
which would have provided the orientation of each particle’s magneto-crystalline anisotropy axes.

We then rely on TEM tomograms to fully determine their position and shape in 3D. These
tomograms, which were recorded more than a year after the original images, show a ~4 % increased
distance between the magnetosomes. We attribute this to a deformation of the bacterium’s cell body
over time, and correct for this when reconstructing the morphology of the chain.

For technical reasons, we were able to reconstruct only the main part of the magnetosome chain,
which contains 20 magnetosomes, via tomography. For these tomograms, we correct for the missing
wedge artifact using the deep learning software package IsoNet,3'? which iteratively reconstructs the
missing wedge information of each magnetosome. Missing wedge correction is of particular importance
in the case of magnetic nanoparticles: without correction, the extracted morphology of the individual
magnetosomes would show a systematic overestimation of their extent along the z-axis. This effect
would introduce a spurious shape anisotropy along the z-axis. Note that the choice of threshold in the
tomogram’s intensity, which is used to set the boundary between a magnetosome and its surroundings,
is chosen such that the resulting volume of the magnetosome chain yields a good match between the
simulated and experimental Af(H) asymptotes at high field.

For 9 remote magnetosomes, which are not part of the central chain and constitute less than 5%
of its total volume, we were unable to fully reconstruct their 3D position and morphology from the
tomograms. We set the position of these magnetosomes along the z-axis using the partial information
from the tomogram combined with an extrapolation of their position in 3D based on their nearest
neighbor’s position and the overall shape of the chain. We further assume that their morphology
is an ellipsoid of revolution, providing uniaxial anisotropy as the dominant shape anisotropy term,
as shown for the magnetosomes of M. gryph.?'® The unknown extent of these magnetosomes along
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Figure 5.2: DCM field rotation measurement and simulation. Af(6,) measured at poH = 3.5T is
plotted as blue points. Orange and green arrows indicate the hard and easy axes, respectively, as derived
from the simulation shown in transparent grey.

the z-axis is then set to the average of the lateral extents, see Sec.5.7.1. Because they constitute a
small fraction of the total volume of the chain, these magnetosomes play a minor role in its magnetic
behavior.

Ultimately, the procedure described above yields a 3D model of the magnetosome chain with
~1.2nm pixel size. A list of all magnetosomes and their properties along with TEM images of each
magnetosome are provided in App. C.1 and C.2.

5.7.2 Micromagnetic model

Micromagnetic simulations are performed with the finite-difference software package Mumaz3. Mate-
rial parameters are taken from literature at the measurement temperature 7 = 284 K:3!* we set the
exchange stiffness to Aoy = 13.5pJm, the saturation magnetization to My = 483.9kA /m, and the
first order cubic anisotropy constant to K. = —14.0kJ/m?.

As discussed in the preceeding section, the morphology and position of the individual magnetosomes
in 3D space are taken from TEM data. Because the orientation of each magnetosome’s cubic anisotropy
axes is unknown, we simulate the magnetosome chain with many configurations of different randomly
chosen orientations of each magnetosome’s crystalline anisotropy axes.

The simulated configuration that best matches the DCM measurements is presented in Sec. 5.8
and is chosen via an iterative process. We start by finding the 20 best matches to the high-field
measurement of Af(6y), shown in Fig. 5.2, from ~1000 configurations of different randomly oriented
cubic anisotropy axes. The best matches are determined by minimizing the root-mean-square
deviation between the simulated and measured data. For each of these 20 configurations, we then
simulate five Af(H) curves with the external field aligned along slightly different directions within
a few degrees, which is our experimental error, of the easy (hard) axis. These small deviations are
considered, because many features in the simulations depend sensitively on this alignment. Finally,
we choose the configuration of magnetosome orientations, whose simulated hard- and easy-axis Af(H)
curves best qualitatively match both measured curves. A match is judged by taking into account
how well the simulation reproduces the high-field asymptotes, curve shape, and switching events of
both the easy- and hard-axis measurements. To illustrate the effect of different configurations of
anisotropy axis orientations within the magnetosome chain, Fig. 5.3 shows the Af(6y,) measured at
poH = 3.5T for the best match along with a model that was discarded, due to poor matching with
the measurement. We also plot a configuration of the magnetosome chain, in which the (111)-type
axes for each magnetosome are aligned with the chain axis.
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Figure 5.3: DCM field rotation measurement and simulations. Af(6,) measured at poH = 3.5T
plotted together with simulations for different combinations of anisotropy-axis orientations assigned to the
individual magnetosomes.

5.8 Results

DCM data plotted in Fig.5.2 indicate the presence of an effective anisotropy along the chain of
magnetosomes of uniaxial character. Detailed consideration is necessary to understand the role that
all the involved magnetic anisotropies play. To do so, we construct a three-dimensional, micromagnetic
model of the magnetosome chain using the software package Mumaz3.23% 3% The software solves
the space and time dependent Landau-Lifshitz-Gilbert equation using a finite-difference approach,
i.e. we discretize space to 1.2nm, and determine the relaxed state of each voxel’s magnetic moment
in an effective magnetic field. This effective field contains all relevant interactions and anisotropy
contributions: exchange interactions, dipolar interactions, cubic magneto-crystalline anisotropy of the
individual particles, and an externally applied magnetic field. Ultimately, this approach allows us to
precisely model the magnetic behavior of the magnetosome chain from knowledge of the position,
shape, and orientation of each magnetosome as measured by TEM. Using material parameters
from the literature,>* the model determines the equilibrium magnetic state of the chain for a set
external magnetic fields. By including the geometry of the DCM experiment and the properties of
the cantilever, we calculate Af and use it to iteratively adjust the input parameters, optimizing the
agreement between simulated and measured Af. In this way, features in hysteresis curves of Af(H)
such as jumps, dips, or humps can be associated with events such as magnetic switching or collective
rotation of magnetic moments.

Our lack of knowledge of the orientation of the crystalline anisotropy axes of the individual
magnetosomes forces us to fall back on a “best guess” strategy in order to construct a realistic model:
We simulate 1000 iterations of the high-field Af(6y,) measurement shown in Fig. 5.2 with randomly
oriented crystalline anisotropy axes for each magnetosome. The parameters from the 20 best matches
are then used to simulate the Af(H) hysteresis measurements shown in Fig. 5.4 for a number of
magnetic field orientations close to the experimental orientations. Further details on the simulations
can be found in Sec.5.7.2.

One set of parameters is found to provide the best match to the measurements, coinciding with
both the experimental Af(6,) and Af(H) data within the measurement noise, as shown in Figs. 5.2
and 5.4. The model allows the extraction of an effective uniaxial anisotropy constant for the chain
as a whole, containing all contributions from the included anisotropies, K, = 12.5kJ/m3. This is
in excellent agreement with the value obtained in Ref.?°® for a chain of non-interacting magnetic
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Figure 5.4: DCM hysteresis as a function of applied field. (a) and (b) Measured Af(H) with H
parallel to the magnetic easy axis plotted in green for a wide and narrow field range, respectively. (c) and (d)
Measured Af(H) with H perpendicular to the magnetic easy axis plotted in orange, for a wide and narrow
field range, respectively. In all plots, the applied field poHext is swept from large positive values, through
zero, to large negative values. Best-fit simulations are plotted in transparent grey.

dipoles. Note, however, that the model therein incorporates cubic crystalline anisotropy with one
axis aligned to the chain axis for all magnetosomes, deviating from the model at hand. Typically,

179 only a minimal magnetic moment for effective magnetotaxis is given. The effective

in literature,
anisotropy of the magnetosome chain is, however, an equally important quantity, because it quantifies
the stability of the magnetic moment along the chain axis against perturbation.

It is interesting to note that most of the 1000 simulated high-field rotation curves do not show the
characteristic shape resulting from simple uniaxial magnetic anisotropy along the chain direction, as
measured for this bacterium in Fig.5.2. Rather, they show a more complex angular dependence with
signatures of the shape and randomly oriented crystalline anisotropies of the individual magnetosomes.
This finding highlights that anisotropies of the individual magnetosomes should not be neglected
and suggests that the absence of features due to these anisotropies in the curve in Fig. 5.2 could be
a coincidence due to the specific orientations of the magnetosomes in this chain or the result of an
external process, such as the alignment of the magnetosomes during their growth in the M. gryph.
cells. Nevertheless, even in iterations, in which the orientations of the individual magnetosomes result
in more complex Af(6},), the dominant easy axis is always set by the direction of the magnetosome
chain. The fact that the chain axis sets the global energetic minimum of the magnetic anisotropy
energy, despite the competing anisotropies of individual magnetosomes, ultimately ensures that every
bacterium’s body aligns along magnetic field lines.

Some previous studies report the alignment of a (111)-type axis of individual magnetosomes with
the chain axis for several different types of magnetotactic bacteria,306:313:316:317 including M. gryph.
We tested the consistency of our measurements with such an alignment, by simulating a number
of random orientations in which each magnetosome had a (111)-type axis pinned along the chain
direction. Under this constraint, no match to the measurements was found, with an exemplary result
shown in Fig.5.3. In fact, averaged over all magnetosomes, the simulation with the best match has
an angle between the chain axis and the nearest (111)-type axis of 23° with a standard deviation of
12°. We therefore conclude that no specific alignment of the (111) axes with the chain axis is present
in the measured bacterium.

Measurements of the hysteresis of Af(H), shown in Fig.5.4, are taken with H aligned along
the magnetic easy and hard directions, as determined by the measurements shown in Fig.5.2. In
the limit of low fields, the component of the remanent magnetic moment parallel to the external
magnetic field applied during the hysteresis cycle can be directly determined from Af(H) with
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the knowledge of the cantilever properties.”’ We find M, ~ (1.84 & 0.54) - 10716 Am? after H is
applied parallel to the chain axis, which is closely reproduced by our best-scenario micromagnetic
model with M, ~ 1.73-10716 Am?, for which the calculated Af(H) is also shown in Fig.5.4. The
saturation magnetic moment within the model is 2.0 - 10716 A m?. Therefore, almost the full moment
is preserved along x in remanence after H is applied parallel to the chain axis. After the application
of perpendicular fields, M, nearly vanishes: M, ~ (0.26 £0.14)- 10716 Am?. Note, however, that this
measurement does not determine the remanent magnetic moment along the x or y directions. These
values are consistent with the orientation of the effective anisotropy along the chain axis. Further,
the magnitude of the saturation moment is in very good agreement with previous measurements done
via optical microscopy?°%293 and DCM.3%9

Further insight can be deduced from a detailed analysis of the measured and simulated Af(H)
shown in Fig.5.4. In the measurement with the field applied along the easy-axis, shown in Fig. 5.4b,
Af(H) monotonically decreases from high fields down to zero. In a reverse field of —17mT, a jump
occurs and thereafter the curve progresses symmetrically as for positive fields. Such behavior and the
V-shape of the curve can be explained via a single macro-spin approximation:”® all magnetic moments
are aligned with the external field, coinciding with the easy-axis of the effective magnetic anisotropy
and, shortly after field reversal, collectively flip their direction in a single switching event. Simulations
reveal that this picture conceals a more complex behavior: as the applied field is swept from saturation
down towards zero, some magnetosomes reorient the alignment of their magnetic moments from
coinciding with the chain axis to coinciding with one of their local magnetic easy axes. In the given
simulation, this process proceeds in the form of a smooth rotation with decreasing magnetic field.
To illustrate the result of these rotations, Fig. 5.5a shows m, and m, of the remanent state of the
magnetosome chain, where only the main part of the chain maintains close-to full alignment of the
magnetic moments with the overall magnetic easy axis. Although the net remanent magnetic moment
of the chain is nearly aligned along the chain’s easy axis (only 1.8° off), the remanent moments of
each individual magnetosome span an angle of about 34° with respect to this axis with a 29° standard
deviation. This qualitatively confirms the observations of Ref.,3°® in which the remanent magnetic
moment of a single magnetosome was tilted away from the overall easy axis. Although the noise
level of the measurement does not allow for the confirmation of related switching events or rotations
of magnetic moments in the measured Af(H), the slightly reduced remanent magnetic moment
compared to the saturation moment is their direct experimental consequence. The simulations show
that further sweeping H in the reverse field direction results in the full magnetic reversal of the chain
via switching events of individual or a few magnetosomes, as illustrated in Fig. 5.5b.

When H is applied along the magnetic hard-axis, the form of the measured Af(H) is consistent
with a gradual rotation of all magnetic moments from alignment with H towards the easy-axis for
decreasing |H| (compare Fig. 5.4c to Fig.9 in Ref.70). The beginning of this rotation is marked by the
strong dips around +100mT. Deviations from this simple behavior appear in the discontinuities at
28 mT and —48 mT in the measured Af(H). The micromagnetic simulations, which reproduce these
distinctive features at nearly the same fields, suggest that they originate in an abrupt reorientation of
the magnetization of individual or groups of magnetosomes, cf. Fig.5.5d and e. The discontinuity in
d is connected to two individual magnetosomes in the chain reorienting its magnetization, while it
corresponds in e to a switch of the magnetization of a group of three magnetosomes aligned with
Z towards —Z. Further switching events are either hidden in the noise of the measurement or the
progression of the magnetic moments takes place slightly differently than in our best-guess simulation.

This analysis of the measurement along the magnetic hard-axis also suggests a specific remanent
state, as shown in Fig. 5.5c. In this state, the magnetic moments on the left half of the chain orient
their moments towards the left (—2), while those on the right orient towards the right (+). Together,
the moments compensate each other, leading to a very low remanent moment compared to the case
with H applied along the easy-axis. Note, however, that in other simulations, which match similarly
well with experiment, this state of low remanent moment is not evident, but a state rather close to
what is shown in Fig. 5.5a is observed.

As the progressions of the chain’s magnetic configuration for the two different orientations of the
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Figure 5.5: Visualization of simulated magnetic states of the magnetosome chain. The color bar
applies to the component of the magnetization as indicated on the left of each of the visualizations.

external field show, the total magnetic moment at remanence depends strongly on the magnetic
history of the chain. This dependence is a result of the relatively weak effective anisotropy, which fails
to stabilize the magnetic moment in direction of the easy axis against the application of perpendicular
fields larger than several tens of millitesla. Nevertheless, because in its natural habitat M. gryph. likely
never experiences magnetic fields of this magnitude, this effective anisotropy is sufficient to stabilize
its magnetic moment in direction of the magnetosome chain and ensure magnetotaxis. However,
knowledge of the magnetic behavior for field magnitudes beyond earth’s magnetic field may become
decisive for applications of magnetotactic bacteria such as biological micro-robots, in which stronger
fields are typically used.

5.9 Discussion

Via ultrasensitive torque magnetometry, combined with transmission electron microscopy and micro-
magnetic simulations, we determine the remanent magnetic moment of (1.84 4+ 0.54) - 10716 A m?
and a saturation moment of 2.0 - 10716 Am? of an individual M. gryph. cell. Furthermore, we
determine an effective easy-axis anisotropy of 12.5kJ/m? aligned along the bacterium’s chain of
magnetosomes. Analysis of the magnetic hysteresis shows that this anisotropy is strong enough to
stabilize the remanent magnetic moment in Earth’s magnetic field. Future experiments, making
use of TEM tomography and diffraction to reveal the full morphology and crystal structure of the

magnetosomes,306

may allow for higher precision determination of the exact magnetic states of a
single bacterium. Improved cantilever sensors could also enable the resolution of the switching of
individual magnetosomes, further deepening our understanding of the magnetic reversal process.
DCM Measurements of many more individual bacteria would also help to determine the homogeneity

of saturation moment, remanent moment, and anisotropy across a population of bacteria.



Conclusions and Outlook

This work reports an initial effort toward the development of new silicon nitride based resonators
aiming to provide ultrasensitive mechanical transducers with ultimate torque sensitivity in order to
enable the study of magnetic 2D materials and complex vdW heterostructures via dynamic torque
magnetometry. The approach builds on the prior works which have demonstrated ultrahigh-Q
mechanical resonators based on employing PnC engineering to open a phononic band gap that
acoustically isolates a defect mode while also soft-clamping the supports in order to suppress clamping
losses.

In Ch. 3 we have established a reliable microfabrication route to produce SiNy torque transducers,
including standalone resonators as well as versions integrated in PnC surrounds. The method achieves
high dimensional accuracy and good reproducibility for features above the laser writer’s lithographic
resolution limit, and focus-dependent spot-size variations is identified as the dominant source of
run-to-run offsets near ~0.5 pm. It further shows that post-processing by Ga FIB milling can be used
to reshape bridge dimensions, albeit with trade-offs in stress modification and scalability. In parallel,
previously reported preparation and handling protocols for few-layer vdW flakes are reproduced, with
hBN capping applied for transient protection, and we demonstrate that viscoelastic stamping can be
used to transfer vdW flakes to a suspended (unpatterned) SiNy membrane. Utilizing precision dicing,
the chips can be diced to position vdW flakes near the chip edge, enabling their study by nanowire
MFM. Together, these capabilities provide the technical foundation for engineering SiNy transducers
embedded in a PnC toward ultrasensitive dynamic torque magnetometry of vdW materials and
heterostructures, with the possibility to integrate electrical contacts. Microfabrication methods for
defining electrical contacts as narrow as ~100nm on planar substrates are well established.

The remaining key fabrication challenge is integrating vdW samples with the PnC architecture,
for which we foresee three routes, each requiring prior double-sided hBN encapsulation for maximal
sample protection: (i) The sample can be stamped directly onto the device layer—either before or
after patterning the device—prior to the final release step in aqueous KOH. At this stage, the thin
Si layer beneath the patterned SiNy provides structural support to the otherwise fragile resonator
and its PnC surround, as well as the thermal conductance required to heat and melt the PC film for
sample release. This approach may also require securing the flake—for example, using a droplet of
PMMA or metal clamps formed by focused electron-beam-induced deposition (FEBID)—to ensure
compatibility with the final release process in an alkaline solution. (ii) The sample can be stamped
onto a separate SiNy membrane. Predetermined breaking points can be patterned either before or
after stamping, after which the intermediate SiNy carrier can be broken out and transferred to the
device using a micromanipulator. This method offers the advantage of being performed either before
or after the final device release. If performed after the release step, vdW forces between films are
expected to provide sufficient adhesion for firm attachment. (iii) Should approaches (i) and (ii) fail,
the sample can be transferred using a wet-transfer method inspired by the works of Jager et al. and



76 Chapter 6 ¢ Conclusions and Outlook

Forrer et al., in which the flake is initially stamped onto a thin sacrificial dextran layer instead of a
SiO9 layer,318:319 thereby avoiding bubble formation below the PMMA carrier in the absence of SiOo
etching. This transfer scheme, however, is extremely delicate, error-prone, and requires immersing
the suspended device in liquid, which carries a substantial risk of breaking parts of it, especially for
high-contrast PnC geometries as presented in this work.

In Ch. 4 we have provided a comprehensive mechanical characterization of PECVD SiNy torque
transducers, from standalone torsional paddles to PnC devices with torsional and flexural defect modes,
by combining broadband spectroscopy, ring-down measurements, dynamic torque magnetometry, and
FEM modeling. Standalone paddles reach torque sensitivities in the medium 10~%2 Nm/ VHz range,
with FIB refinement improving sensitivity via reduced stiffness at the cost of increased mechanical
dissipation. For PnC structures, we demonstrate robust formation of a phononic band gap and,
for PnC paddle 2, successful engineering of a torsional defect mode within the stop band, yielding
Tnin = 1.2 - 10722 Nm/ VHz primarily through reduced effective inertia rather than enhanced Q
compared to standalone geometries. This sensitivity slightly surpasses the sensitivity benchmark set
by current state-of-the-art highly-sensitive cantilevers used in DCM. Our analysis of loss channels
indicates that the torsional modes in our present devices are dominated by intrinsic dissipation. This
finding implies that significant sensitivity gains—by orders of magnitude—envisioned for studies of
vdW materials and heterostructures in the few-layer limit, will require improved material quality and
surface engineering to reduce internal bulk and surface losses, rather than relying solely on phononic
isolation, with the current PECVD SiNy torsional-resonator platform.

An alternative route is to switch to stoichiometric LPCVD Si3Ny, which has been widely used to
engineer ultrahigh-@) resonators. Its intrinsically high tensile film stress, however, calls for strategies
that prevent stress release upon device release; otherwise it can lead to out-of-plane deformation
as well as the formation of high-loss defect regions. This can be achieved either by designing the
defect geometry accordingly or by locally preventing stress release, for example by leaving a thin
remaining Si support. Finally, Fedorov et al. reasoned, based on dissipation-dilution theory, that
torsional modes do not experience dissipation dilution, which is at odds with recent experimental
observations on mass-loaded strained SizN4 nanoribbons reported by Pratt et al.'?314! Fabricating
such a torsional transducer, determining its @-factor, and assessing its torque-sensing performance in
dynamic torque magnetometry experiments would not only be interesting from a sensing perspective,
but independent replication would provide a reliable reference point for future work.

In Ch.5 we have demonstrated dynamic torque magnetometry as an excellent tool for the study of
nanomagnets with outstanding torque sensitivity. By combining ultrasensitive torque magnetometry
with transmission electron microscopy and micromagnetic simulations, we quantitatively determine
the magnetic properties of an individual M. gryph. cell, finding a remanent moment of (1.84 +
0.54) - 10716 Am? and a saturation moment of 2.0 - 1071 Am?. We further extract an effective
easy-axis anisotropy of 12.5kJm™ aligned with the magnetosome chain, which is sufficient to
stabilize remanence in Earth’s magnetic field. These results establish torque magnetometry as a
powerful route to resolving single-cell magnetic states and motivate future work. This includes using
TEM tomography and diffraction to provide improved structural constraints and developing higher-
performance torque transducers to experimentally resolve magnetosome-by-magnetosome switching.
Further, collecting larger datasets will be a key element to assess cell-to-cell and species-to-species
variability in the saturation moment, remanent moment, and anisotropy of M. gryph. and other
magnetotactic bacteria. Fostering the understanding of magnetosomes, magnetosome chains, and
whole magnetic bacteria will enable and accelerate their implementation in a host of technological
application across disciplines.

Once fabrication and sensitivity challenges are overcome, dynamic torque magnetometry will
become a key complement to today’s leading experimental platforms in the study of few-layer vdW
materials and heterostructures, unlocking their phenomenal potential for future spin-based computing
and memory technologies.



Supplemental material: Micro- and

nanofabrication

This section provides addition information about fabrication of the mechanical resonators fabricated
and studied in this work. This includes step-by-step fabrication protocols for each device and a

detailed analysis of SiNy-thickness of PnC devices after final suspension.

A.1 Fabrication details

Devices were fabricated using a 2" (5.08 cm) Si substrate. It is (280 £ 10) um thick, double-side
polished, and undoped with <100> crystallographic orientation (University Wafer, item 2018). The
substrate is float-zone type and has an electrical resistivity >10kQ cm. Fabrication protocols are

provided in the following.

A.1.1 Protocol: Torsion paddles 1 and 2

Step 1:

Step 2:

Plasma-enhanced chemical vapor deposition (PECVD) of SiN,

Backside: Process time of 28 min 38 s — 400 nm
Frontside: Process time of 24 min 46 s — 340 nm

Patterning of SiN, mask-layer (backside)

a. Preparation of photoresist S1805:

The wafer is spin-coated with MICROPOSIT S1805 directly, without prior application
of an adhesion promoter contrary to the generalized procedure given in the main text.
S1805 is applied using a spin-coater set at 4500 rpm for 40s. This results in an about
430 nm-thick resist layer which is then cured for 2min at 125 °C using a hotplate.

b. Direct-laser lithography:

The photoresist on the wafer’s backside is patterned using a pPG101 pMLA laser writer
(Heidelberg Instruments). The exposure is horizontally aligned with <110> based on
the wafer’s major flat.

c. Lithography development:
The lithography pattern is developed using MICROPOSIT MF-319 for 1 min at room
temperature.

d. Reactive ion etching of SiNy:

At the time of fabricating torsion paddles 1 and 2, an old RIE 80 Plus system (Oxford
Instruments) was used for dry-etching. Accordingly, the process parameters vary with
respect to the ones described in the generalized procedure which uses a modern Plasma
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Pro 80 RIE. Etching is performed with a mixture of CHF3 (80sccm) and Oy (8 scem), a
pressure of 60 mTorr, and a forward RF power of 60 W. The process is run for 11 min
40s in order to etch all the way through the SiNy layer to expose the underlying Si
substrate.

e. Removal of photoresist S1805:
Excess resist is removed with RIE using a soft Os-plasma operating at 20 sccm, 60 mTorr,
and a forward power of 60 W for 10 min.
Step3:  Si wet etching with SiN, mask-layer as etch mask
Note, at the time of making torsion paddle 1, no wet-etch chuck was used, and therefore,
the SiNy film of the device-layer (frontside) is also exposed to etchant for the entire wet
etching duration.
a. Wet etching in aq. NaOH:
In a first step, the sample is etched in 20 w% aq. NaOH solution for 1h 32 min at 80 °C.
Then the reaction was quenched by submersion in DI water for 10 min.
b. Wet etching in aq. KOH:
In a second step, the sample is etched in 25 w% aq. KOH solution for 2h 5min at 80 °C.
The reaction is stopped as soon as alignment markers become fully transparent, and the
reaction is again quenched by submersion in 60 °C-warm DI water for 40 min.
Step4: Patterning of SiNy device-layer (frontside)
a. Preparation of photoresist S1805:
Repeat step 2a.
b. Direct-laser lithography:
Repeat step 2b. This time, the lithography pattern is aligned with structures on the
backside with help of the etched alignment markers.
c. Development:
Repeat step 2c.
d. Reactive ion etching of SiNy:
Repeat step 2d, but this time for a reduced total duration of 9 min 50s.
e. Removal of photoresist S1805:
Repeat step 2e.
Step5:  Si wet etching in aq. KOH to suspend transducers

a. Dicing of single chips:
After patterning the SiNy film of the device-layer (frontside), single chips are removed
from the substrate and further processed individually.

b. Suspension:

The device-layer is suspended with wet etching using a 25 w% aq. solution of KOH
heated to 63 °C. The chip is fixed with tweezers and submerged for 1h 55 min until the
SiNy window becomes fully transparent.

c. Quenching:

The reaction is quenched by exchanging the etchant with 70 °C-warm DI water while
keeping the sample submerged at all times: Etchant is removed with a syringe until the
level is just slightly above the chip, and then DI water is added very carefully again.
This cycle is repeated 8 times for consecutive dilution and removal of KOH.

c. Solvent exchange:

DI water is again removed using a syringe until the level is just above the chip. Then,
isopropyl alcohol (IPA) is carefully added on top, and DI water is fully removed from
underneath while keeping the chip submerged in IPA. After 10 min, IPA is removed



A.1. Fabrication details 79

Step 6:

Step 7:

until the level is just above the chip, and then IPA is again topped up. This step is
repeated twice in order to further remove residual water.

d. TPA-drying

Finally, TPA is heated to 50°C with the chip submerged. After reaching target tem-
perature, the sample is kept submerged for another 10 min before lifting it out very
carefully. The sample is now held just above the IPA level such that it can dry as slowly
as possible in an IPA-enriched atmosphere which takes about 15 min.

Attachment of magnetic CoFeB nanotube

A CoFeB nanotube is attached to the resonator using a micromanipulator (Narishige),
and the sample is fixed with UV glue ((Norland Optical Adhesive, NOA 60). The glue
is cured under UV light for 30 min. Manipulator arms are functionalized with extremely
fine glass needles which are produced from simple glass rods (Narishige, G-1000) using a
needle puller (Narishige, PC-100). This yields needles with a tip diameter of ~ 0.5 pm.

FIB-milling of torsion paddle 2

After characterization of torsion paddle 1, torsion paddle 2 is fabricated by refining
the lateral dimension of bridge segments using a dual beam gallium FIB-SEM (FEI
Helios Nano Lab 650) available at the Nano Imaging Lab (University Basel). Prior to
FIB-milling, a 2nm thick gold film is deposited on the device in order to remediate
potential damage caused by electric charging of the SiNy film. FIB-milling is performed
using an acceleration voltage of 30kV and a low beam current of 88 pA. Note, that since
Ga3*-ions are implanted in the SiN, film, the entire FIB-milling procedure must be
performed without taking any snap-shots with the FIB. By aligning the fields of view
between the SEM and the FIB channel, progress in FIB-milling can still be tracked
using the SEM channel exclusively.

A.1.2 Protocols: PnC devices
PnC paddle 1

Step 1:

Step 2:

Plasma-enhanced chemical vapor deposition (PECVD) of SiNy

Backside: Process time of 15 min 15 s — 200 nm
Frontside: Process time of 15 min 15 s — 200 nm

Patterning of SiNy mask-layer (backside)

a. Preparation of photoresist S1805:

The wafer is spin-coated with MICROPOSIT S1805 directly, without prior application
of an adhesion promoter contrary to the generalized procedure given in the main text.
S1805 is applied using a spin-coater set at 4500 rpm for 40s. This results in an about
430 nm-thick resist layer which is then cured for 2 min at 125°C using a hotplate.

b. Direct-laser lithography:

The photoresist on the wafer’s backside is patterned using a pPG101 pMLA laser writer
(Heidelberg Instruments). The exposure is horizontally aligned with <110> based on
the wafer’s major flat.

c. Lithography development:
The lithography pattern is developed using MICROPOSIT MF-319 for 1 min at room
temperature.

d. Reactive ion etching of SiNy:

The lithography pattern is transferred to the SiNy of the mask-layer using a PlasmaPro
80 RIE (Oxford Instruments). Etching is performed with a mixture of CHF3 (50 sccm)
and Oq (5sccm), a pressure of 55 mTorr, and a forward RF power of 150 W. The process
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is run for 9min 20s in order to etch all the way through the SiNy layer to expose the
underlying Si substrate.

e. Removal of photoresist S1805:
Excess resist is removed with RIE using a soft Os-plasma operating at 20 sccm, 60 mTorr,
and a forward power of 60 W for 10 min.

Step3:  Si wet etching with SiN, mask-layer as etch mask
Note, at the time of making PnC paddle 1, a self-made wet etch chuck was used for
protection of the SiNy film of the device-layer instead of the commercial one by AMMT
described in the main text. This wet-etch chuck was not leak-proof, and therefore, the
frontside SiNy was also exposed about 30 min after initial submersion in etchant.
a. Wet etching in aq. NaOH:
In a first step, the sample is etched in 20 w% aq. NaOH solution for 1h 45min at 80 °C.
Then the reaction was quenched by submersion in DI water for 10 min.
b. Wet etching in aq. KOH:
In a second step, the sample is etched in 25 w% aq. KOH solution for 2h 5min at 80 °C.
The reaction is stopped as soon as alignment markers become fully transparent, and the
reaction is again quenched by submersion in 60 °C-warm DI water for 40 min.

Step4: Patterning of SiN, device-layer (frontside)
a. Preparation of photoresist S1805:
Repeat step 2a.
b. Direct-laser lithography:
Repeat step 2b. This time, the lithography pattern is aligned with structures on the
backside with help of the etched alignment markers.
c. Development:
Repeat step 2c.
d. Reactive ion etching of SiNy:
Repeat step 2d, but this time for a reduced total duration of 9 min.
e. Removal of photoresist S1805:
Repeat step 2e.

Stepb:  Si wet etching in aq. KOH to suspend transducers

a. Dicing of single chips:
After definition of the PnC and the mechanical resonator at its center, single chips are
removed from the substrate and further processed individually.

b. Suspension:

The device-layer is suspended with wet etching using a 25 w% aq. solution of KOH
heated to 63 °C. The chip is fixed with tweezers and submerged for 2h 20 min until the
SiNy window becomes fully transparent.

c. Quenching:

The reaction is quenched by exchanging the etchant with 70 °C-warm DI water while
keeping the sample submerged at all times: Etchant is removed with a syringe until the
level is just slightly above the chip, and then DI water is added very carefully again.
This cycle is repeated 8 times for consecutive dilution and removal of KOH.

c. Solvent exchange:

DI water is again removed using a syringe until the level is just above the chip. Then,
isopropyl alcohol (IPA) is carefully added on top, and DI water is fully removed from
underneath while keeping the chip submerged in IPA. After 10 min, IPA is removed
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Step 6:

until the level is just above the chip, and then IPA is again topped up. This step is
repeated twice in order to further remove residual water.

d. TPA-drying

Finally, TPA is heated to 50°C with the chip submerged. After reaching target tem-
perature, the sample is kept submerged for another 10 min before lifting it out very
carefully. The sample is now held just above the IPA level such that it can dry as slowly
as possible in an IPA-enriched atmosphere which takes about 15 min.

Attachment of magnetic CoFeB nanotube

A CoFeB nanotube is attached to the resonator using a micromanipulator (Narishige),
and the sample is fixed with UV glue ((Norland Optical Adhesive, NOA 60). The glue
is cured under UV light for 30 min. Manipulator arms are functionalized with extremely
fine glass needles which are produced from simple glass rods (Narishige, G-1000) using a
needle puller (Narishige, PC-100). This yields needles with a tip diameter of ~ 0.5 pm.

PnC paddle 2

Step 1:

Step 2:

Step 3:

Plasma-enhanced chemical vapor deposition (PECVD) of SiNy

Backside: Process time of 15 min 15 s — 200 nm
Frontside: Process time of 12 min 50 s — 160 nm

Patterning of SiN, mask-layer (backside)

a. Preparation of photoresist S1805:

The wafer is spin-coated with MICROPOSIT S1805 directly, without prior application
of an adhesion promoter contrary to the generalized procedure given in the main text.
S1805 is applied using a spin-coater set at 4500 rpm for 40s which is then cured for
2min at 125 °C using a hotplate.

b. Direct-laser lithography:

The photoresist on the wafer’s backside is patterned using a pPG101 pMLA laser writer
(Heidelberg Instruments). The exposure is horizontally aligned with <110> based on
the wafer’s major flat.

c. Lithography development:
The lithography pattern is developed using MICROPOSIT MF-319 for 1 min at room
temperature.

d. Reactive ion etching of SiNy:

The lithography pattern is transferred to the SiNy of the mask-layer using a PlasmaPro
80 RIE (Oxford Instruments). Etching is performed with a mixture of CHF3 (50 sccm)
and Oy (5scem), a pressure of 55 mTorr, and a forward RF power of 150 W. The process
is run for 10 min in order to etch all the way through the SiNy layer to expose the
underlying Si substrate.

e. Removal of photoresist S1805:
Excess resist is removed with RIE using a soft Os-plasma operating at 20 sccm, 60 mTorr,
and a forward power of 60 W for 10 min.

Si wet etching with SiN, mask-layer as etch mask

A commercially available wet etch chuck (single OW, AMMT) is used to protect the
SiNy film of the device-layer (frontside) during wet etching. With this sample, wet
etching is performed using only aq. NaOH. Increased lateral etching in response to
NaOH’s lower anisotropy compared to KOH, is compensated by adjusting dimensions
of features in the lithography pattern which is used to define the wet etch mask. The
sample is etched in 20 w% aq. NaOH solution for 3h at 85 °C until alignment markers
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become fully transparent. The reaction is quenched by submersion of the sample in
60 °C-warm DI water for 40 min.

Step4: Patterning of SiN, device-layer (frontside)
a. Preparation of photoresist S1805:
Repeat step 2a.
b. Direct-laser lithography:
Repeat step 2b. This time, the lithography pattern is aligned with structures on the
backside with help of the etched alignment markers.
c. Development:
Repeat step 2c.
d. Reactive ion etching of SiNy:
Repeat step 2d, but this time for a reduced duration of 9 min.
e. Removal of photoresist S1805:
Repeat step 2e.

Step5:  Si wet etching in aq. KOH to suspend transducers
a. Dicing of single chips:
After definition of the PnC and the mechanical resonator at its center, single chips are
removed from the substrate and further processed individually.
b. Suspension:
The device-layer is suspended with wet etching using a 25w% aq. solution of KOH
heated to 75°C. The chip is fixed with tweezers and submerged for 1h 30 min until the
SiN, window becomes fully transparent.
c. Quenching:
The reaction is quenched by exchanging the etchant with 70 °C-warm DI water while
keeping the sample submerged at all times: Etchant is removed with a syringe until the
level is just slightly above the chip, and then DI water is added very carefully again.
This cycle is repeated 8 times for consecutive dilution and removal of KOH.
c. Solvent exchange:
DI water is again removed using a syringe until the level is just above the chip. Then,
isopropyl alcohol (IPA) is carefully added on top, and DI water is fully removed from
underneath while keeping the chip submerged in IPA. After 10 min, IPA is removed
until the level is just above the chip, and then IPA is again topped up. This step is
repeated twice in order to further remove residual water.
d. IPA-drying
Finally, TPA is heated to 50°C with the chip submerged. After reaching target tem-
perature, the sample is kept submerged for another 10 min before lifting it out very
carefully. The sample is now held just above the IPA level such that it can dry as slowly
as possible in an IPA-enriched atmosphere which takes about 15 min.

Step6: Attachment of magnetic CoFeB nanotube

A CoFeB nanotube is attached to the resonator using a micromanipulator (Narishige),
and the sample is fixed with UV glue ((Norland Optical Adhesive, NOA 60). The glue
is cured under UV light for 30 min. Manipulator arms are functionalized with extremely
fine glass needles which are produced from simple glass rods (Narishige, G-1000) using a
needle puller (Narishige, PC-100). This yields needles with a tip diameter of ~ 0.5 pm.
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PnC beam 1

Step 1:

Step 2:

Step 3:

Step 4:

Plasma-enhanced chemical vapor deposition (PECVD) of SiNy

Backside: Process time of 20 min 4 s — 300 nm
Frontside: Process time of 12 min 50 s — 160 nm

Patterning of SiN, mask-layer (backside)

a. Preparation of photoresist S1805:

First, the wafer is pre-conditioned by spin-coating it with adhesion promoter AR 800-30
(Allresist). It is applied using a spin-coater set at 2000 rpm for 40 s and the resist is baked
on a hotplate at 90 °C for 2min. Then, MICROPOSIT S1805 is applied at 4500 rpm for
40s and then baked for 2min at 125°C.

b. Direct-laser lithography:

The photoresist on the wafer’s backside is patterned using a pPG101 pMLA laser writer
(Heidelberg Instruments). The exposure is horizontally aligned with <110> based on
the wafer’s major flat.

c. Lithography development:
The lithography pattern is developed using MICROPOSIT MF-319 for 1 min at room
temperature.

d. Reactive ion etching of SiNy:

The lithography pattern is transferred to the SiNy of the mask-layer using a PlasmaPro
80 RIE (Oxford Instruments). Etching is performed with a mixture of CHF3 (50 sccm)
and Oy (5scecm), a pressure of 55 mTorr, and a forward RF power of 150 W. The process
is run for 15min in order to etch all the way through the SiNy layer to expose the
underlying Si substrate.

e. Removal of photoresist S1805:
Excess resist is removed with RIE using a soft Os-plasma operating at 20 sccm, 60 mTorr,
and a forward power of 60 W for 10 min.

Si wet etching with SiN, mask-layer as etch mask A commercially available wet
etch chuck (single OW, AMMT) is used to protect the SiNy film of the device-layer
(frontside) during wet etching. With this sample, wet etching is performed using only
aq. NaOH. Increased lateral etching in response to NaOH’s lower anisotropy compared
to KOH, is compensated by adjusting dimensions of features in the lithography pattern
which is used to define the wet etch mask. The sample is etched in 20w% aq. NaOH
solution for 3h 50 min at 81°C until alignment markers become fully transparent. The
reaction is quenched by submersion of the sample in 70 °C-warm DI water for 40 min.

Patterning of SiNy device-layer (frontside)

a. Preparation of photoresist S1805:

Repeat step 2a.

b. Direct-laser lithography:

Repeat step 2b. This time, the lithography pattern is aligned with structures on the
backside with help of the etched alignment markers.

c. Development:
Repeat step 2c.

d. Reactive ion etching of SiNy:
Repeat step 2d, but this time with reduced total duration of 10 min.

e. Removal of photoresist S1805:
Repeat step 2e.
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Stepb:  Si wet etching in aq. KOH to suspend transducers

a. Dicing of single chips:
After definition of the PnC and the mechanical resonator at its center, single chips are
removed from the substrate and further processed individually.

b. Suspension:

The device-layer is suspended with wet etching using a 25w% aq. solution of KOH
heated to 75°C. The chip is fixed with tweezers and submerged for 1h 50 min until the
SiNy window becomes fully transparent.

c. Quenching:

The reaction is quenched by exchanging the etchant with 70 °C-warm DI water while
keeping the sample submerged at all times: Etchant is removed with a syringe until the
level is just slightly above the chip, and then DI water is added very carefully again.
This cycle is repeated 8 times for consecutive dilution and removal of KOH.

c. Solvent exchange:

DI water is again removed using a syringe until the level is just above the chip. Then,
isopropyl alcohol (IPA) is carefully added on top, and DI water is fully removed from
underneath while keeping the chip submerged in IPA. After 10 min, IPA is removed
until the level is just above the chip, and then IPA is again topped up. This step is
repeated twice in order to further remove residual water.

d. IPA-drying

Finally, TPA is heated to 50°C with the chip submerged. After reaching target tem-
perature, the sample is kept submerged for another 10 min before lifting it out very
carefully. The sample is now held just above the IPA level such that it can dry as slowly
as possible in an IPA-enriched atmosphere which takes about 15 min.

Step6:  Attachment of magnetic CoFeB nanotube

A CoFeB nanotube is attached to the resonator using a micromanipulator (Narishige),
and the sample is fixed with UV glue ((Norland Optical Adhesive, NOA 60). The glue
is cured under UV light for 30 min. Manipulator arms are functionalized with extremely
fine glass needles which are produced from simple glass rods (Narishige, G-1000) using a
needle puller (Narishige, PC-100). This yields needles with a tip diameter of ~ 0.5 um.

A.2 Determination of SiN, thickness after device fabrication

The final thickness of the released SiN, devices is estimated from the deposited film thickness and the
etching conditions, namely etch duration, temperature, and KOH concentration. De Vito determined
the etch rate of the same PECVD SiNy film used in this work and reported (0.5 4+ 0.1) nm/min in
25 w% aqueous KOH at 80°C.24° We independently estimate the etch rate in 25 w% KOH at 75°C
by ellipsometry and obtain ~0.4nm/min. This value is based only on a single sample and should
therefore be regarded as an approximate reference rather than a precise rate.

As the Si is fully removed toward the end of the release process, the PnC membranes are exposed
to etchant from both sides during ~20 min of over-etching. For PnC paddle 2, we determine a device
thickness of 116 nm, and for PnC beam 1 a thickness of 108 nm, with an uncertainty of ~10nm. This
uncertainty arises from uncertainties in the etch rates, temperature fluctuations during etching, and
the fact that the reaction is not quenched instantaneously. Instead, the etchant is replaced with DI
water through multiple dilution steps which takes ~10min. Results are summarized in Tab.,A.1. For
PnC paddle 1, we do not estimate the thickness because uncontrolled exposure of the device layer
introduces substantial uncertainty in the device thickness which is difficult to quantify.
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Table A.1: Determination of SiNx thickness: Results are
shown for PnC paddle 2 and PnC beam 1 after suspension.

PnC t tover T ddcpositcd Ad dﬁnal
device  [min] [min] [°C] [nm)] [nm]  [nm]
paddle 2 90 20 75 160 -44 116
beam 1 110 20 75 160 -52 108

Note: t denotes the single-sided etch time, tover the over-etch time, T'
the temperature, d the thickness, and Ad the loss in thickness.

A.3 Original micrographs prior to cosmetic editing

=

-

Figure A.1l: Unedited micrographs. (a) and (b) show the unedited left and right bridges of torsion
paddle 2 (see Fig.3.17). (c¢) shows the unedited platform segment of PnC beam 1 (see Fig. 3.18).






Supplemental material: Mechanical
characterization of torque transducers

In this section, ring-down data are shown for torsion paddles 1 and 2, and PnC paddle 2. Data
are acquired under piezoelectric actuation with the resonator driven in self-oscillation. For each
measurement, ten ring-down traces are recorded, and the quality factor @ is obtained by evaluating
the average.

B.1 Ring-down measurements

B.1.1 Torsion paddles 1 and 2
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Figure B.1: Torsion paddle 1. Ring-down data measured at RT and fitted decay curve.
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Figure B.2: Torsion paddle 1. Ring-down data measured at 7K and fitted decay curve.
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Figure B.3: Torsion paddle 2. Ring-down data measured at RT and fitted decay curve.
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Figure B.4: Torsion paddle 2. Ring-down data measured at 8 K and fitted decay curve.
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Figure B.5: Torsion paddle 2. Ring-down data measured at 5K and fitted decay curve.
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B.2 Temperature-weighted drift correction

A drift in frequency f is visible in the raw DPM data recorded at RT and using inductive actuation
with torsion paddle 1. The raw frequency drift and temperature data is shown in Fig. B.6, and the
data relates to the corrected frequency presented Fig. 4.2 under Sec. 4.3.3.

inductive drive, RT (raw data)
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514.0
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513.5

298.5 4

< 208.0 .

297.5 n

15 =10 05 0.0 05 1.0 15
NOH (T

Figure B.6: Temperature-dependent frequency drift. Visible in DPM recorded with torsion paddle 1
at RT and using inductive actuation.

We approximate the observed frequency drift to be temperature-dependent which adds to the
magnetic contribution, by

f = fO + Af'magnetic(H) + Afdrift (T)

where fo is the fundamental torsional frequency, Afmagnetic(H) is the field-dependent frequency shift,
and Afgrip(T) is the temperature-dependent contribution. As both, T and f, are monotonously
rising, a simple temperature-weighted drift correction can be performed for f. The approach evaluates
the total drift in temperature ATyipt = Tend — Totare and in frequency Afgrire = fend — fstart
between start and end points of the data set. After choosing either the start or end point as reference,
the corrected frequency fe.- is calculated by subtracting the temperature-weighted frequency drift
according to

fcorr = f - Afairift Cw
with the temperature-weight
T =Ty

w =
AV

where T' — T;..s measures the local temperature difference between a given data point and the chosen
reference.
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of a single M. gryphiswaldense cell

C.1 List of magnetosomes

In Tab. C.1 we list properties of the individual magnetosomes as used in the best matching simulation.

Table C.1: List of magnetosomes and their properties. z, y, and z are the center-of-mass coordinates
(assuming constant density), V denotes the volume, and axisl and axis2 specify the crystalline anisotropy
orientation. Morph indicates the origin of the data source used to define the morphology in the micromagnetic
model; img = TEM image, tomo = TEM tomogram. cp denotes the crystal-plane visibility in TEM; y = yes,
n = no, and (fft) = only visible in fast Fourier transform.

No =z [nm] y[nm] z[nm] V[nm? axisl axis2 morph cp
1 10.2 7.3 121.8  5812.8 [-0.39, 0.44, 0.58] [0.01, 0.28, -0.20] img n
2 733 147 109.8 85204  [0.24,-0.36,0.72]  [0.48, 1.36, 0.52] img  y(fit)
3 4114 1080 674 7741 [0.99,-2.33,-1.03] [-0.71,-1.91, 3.64] tomo/img
4 536.7 113.1 55.3 1850.0  [1.70, -1.18, -0.18] [1.75, 2.20, 2.11] tomo/img y
5 5675 1171 537 82665  [1.12,-0.53,0.35]  [0.25, 0.51,-0.03]  tomo y
6 615.5 119.0 50.8 14590.4  [-0.64, -0.55, -0.98]  [-0.28, -3.17, 1.95] tomo y
7 7223 1354 465  23842.0 [1.34,2.04,-1.46]  [0.80, 2.76, 3.11] tomo n
8 760.3 95.8 51.9 7962.8  [-0.36, -1.77,-1.52]  [-1.06, 0.05, 0.19] tomo y
9 7813 1349 420 67320.5 [-0.47,-1.42,0.24] [1.46,-0.38, 0.58] tomo y
10 8434 1283 346 240364  [2.52, -0.16, 1.08]  [-0.20, -3.55,-0.07]  tomo  y(fft)
11 907.2 1285 347 515468  [-1.34, 1.75,0.20]  [-2.00,-1.32,-1.84]  tomo y
12 961.8 1255  31.6  22993.9 [1.44, -0.50, 1.94]  [-3.06, -2.14, 1.72]  tomo  y(fft)
1310122 1197  33.0  30640.0 [1.59,-1.43,-0.53] [-0.65,-0.20, -1.40]  tomo y
14 1067.2 112.3 32.3  28380.8 [-1.48,-0.19, 0.78] [0.99, -5.14, 0.61] tomo y
15 11339 1124 268  42773.0 [0.55,0.90,-0.52]  [-1.29,0.77,-0.04]  tomo  y(fft)
16 1206.6  110.1 25.7  41650.8 [-2.92, 0.44, -1.10] [0.61, 0.99, -1.22] tomo y(ft)
17 12718 1032 268 442211 [1.79,-1.26,-0.95]  [1.21, 0.31, 1.85] tomo  y(fft)
18 1334.4  100.3 31.8  30477.0  [0.30, 1.41, -0.24] [0.42, -0.31, -1.27] tomo y
19 14015 102.3 34.9 26110.4  [0.20, -0.18, -0.38] [-0.07, -0.20, 0.05] tomo y
20 1478.5  109.7 48.0  48106.2  [1.20, 1.51, -0.71] [1.79, 0.53, 4.16] tomo y
21 15315 1179 58.1 29549.2  [-0.92, 1.41, -0.24] [-0.02, 0.14, 0.90] tomo y
22 1679.0 1184 76.4 1909.2 [1.98, -1.09, 0.77] [-1.76, -2.22, 1.39] tomo n
23 1776.8 122.9 750  24419.7  [1.49,1.76,0.71]  [4.43,-3.17,-1.40]  tomo y
24 18829 100.8 93.4 3605.5  [-1.38, 0.44, -1.09]  [-0.92, -0.75, 0.85] tomo y
25 19434 869  103.8 1138.9 [-1.86,-0.35, 1.00] [-0.06,-2.03,-0.82] tomo/img y(fft)
26 2080.8 99.2 109.9 1729.6 [0.59, -0.79, 0.90]  [-0.53, -1.22, -0.73] img n
27 20851 1154  96.9 33221 [-1.26,-0.04,-0.20]  [-0.12, 0.66, 0.63] img  y(fft)
28 2435.0 107.9 79.1 4485.1 [1.62, -2.05, -0.54] [0.02, 0.11, -0.35] img y
20 2508.3 1425 731 1303.7  [1.19,-0.89,2.49]  [1.80, 2.13, -0.10] img y
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C.2 Transmission electron microscopy images of magnetosomes

High resolution (HR)TEM images of all magnetosomes are shown in Tabs. C.2 and C.3. For many of
the images, crystal planes are visible, e.g. in images 3 and 4 in Tab. C.2. Some only show indications
of crystal planes in the fast Fourier transform. A full list of these findings is given in Tab. C.1. The
orientation of the crystal planes differ from image to image, but experimental conditions did not
allow the exact spatial orientations of the magnetosomes’ crystal structures to be determined.

Table C.2: HRTEM images of the individual magnetosomes 1-16. The scale bar in the images is
5nm.

1 2 3 4
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Table C.3: HRTEM images of the individual magnetosomes 17-29. The scale bar in the images is
5nm.

17 18 19 20
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